THE AMERICAN MINERALOGIST 


JOURNAL OF THE MINERALOGICAL SOCIETY OF AMERICA 


Vol. 42 JULY-AUGUST, 1957 Nos. 7 and 8 


DIFFERENTIAL THERMAL ANALYSIS OF 
SULFIDES AND ARSENIDES 


Otto C. Kopp anv Paut F. Kerr, Columbia University, 
New York, N.Y. 


ABSTRACT 


Minerals containing corrosive elements such as sulfur and arsenic present unusual 
difficulties when subjected to differential thermal analysis. The reaction products often 
attack and destroy thermocouples, and the sample block is frequently corroded. A method 
has been developed by this laboratory to overcome this difficulty which consists primarily 
of protecting the metal differential thermal head and thermocouples with thin-walled 
alundum cylinders. Also, a slight modification of the furnace prevents the gaseous products 
from coming into contact with the heating coils. 

The equipment appears to be sensitive to both exothermic and endothermic reactions. 
The reactions are generally of large magnitude so a sample to inert filler ratio of about 1:15 
gives good results in most cases. 

The method may be applied to several mineral groups which have been generally 
omitted from differential thermal studies. Its primary value may lie in the rapid identifica- 
tion of small quantities of ore minerals. Further investigation may show that quantitative 
as well as qualitative data may be obtained and combined with x-ray study, crystal struc- 
tures and the effects of substitution may be better understood. Several illustrative differ- 
ential thermal curves of minerals containing sulfur and arsenic are shown, including pyrite, 
chalcopyrite, arsenopyrite, sulfur and arsenic. 


INTRODUCTION 


Differential thermal analysis is essentially a non-equilibrium study 
of the endothermic and exothermic reactions a material undergoes when 
heated over a particular temperature range. The conception of the 
method is attributed to Le Chatelier (1887). Apparently little applica- 
tion was made until the 1930’s when workers such as Orcel and Caillére 
(1933), Insley and Ewell (1935) and Norton (1939) showed the value of 
the technique. Most of this early work was done on clay minerals which 
give good reactions for water loss and the formation of gamma AlI20;. 
Other minerals which have received the attention of several investigators 
are the carbonates. Cuthbert and Rowland (1947), Kerr and Kulp (1948), 
Beck (1950) and others have successfully applied differential thermal 
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analysis to the carbonate minerals. Hydrous minerals, oxides, metamict 
minerals, micaceous minerals and even coals have been subjected to dif- 
ferential thermal analysis. In general, however, there has been a tendency 
to avoid the mineral groups containing corrosive elements such as sulfur 
and arsenic. The authors know of only one published work dealing specifi- 
cally with thermal analysis of sulfides (Hiller and Probsthain, 1955). 

Hiller and Probsthain (1955) have shown that it is possible to apply 
differential thermal analysis to the sulfides. They used a ceramic head 
and made the analyses in an inert atmosphere. The authors state that a 
disadvantage of the method is the lack of response of the apparatus to 
exothermic reactions. 

The method developed by this laboratory permits the samples to be 
heated in air, taking advantage of the possible oxidation reactions which 
are generally large. The apparatus which is described below appears to 
be sensitive to both endothermic and exothermic reactions. The program 
controlling device and recorder have been described by Kerr and Kulp 
(1948, 1949). The thermal head has been redesigned to permit the use of 
thin-walled alundum cylinders which protect the metal head and ther- 
mocouples from corrosion. The furnace has been altered slightly to allow 
the gaseous reaction products to escape without coming into direct con- 
tact with the heating coils. 


DESCRIPTION OF THE APPARATUS 


The differential thermal head is illustrated in Fig. 1. It is made of 18-8 
chrome nickel steel and finished to the dimensions shown. Four equally 
spaced wells are provided. At present only one of these is used as a refer- 
ence well, and the others are used one at a time as sample wells. It is also 
possible to run two samples simultaneously. The alundum cylinders used 
to protect the head and thermocouples are commercially available and 
come in a number of sizes. The sizes used are: 3” O.D.X7/16” I.D. x3" 
long for the outer protective cylinder, and }” O.D.X3/16" I.D.X1” long 
for the inner protective cylinder. The outer cylinder protects the metal 
head while the inner one protects the thermocouple of each well. In 
order to better accomplish this, the inner cylinder is fitted into a recess 
extending 4” below the level of the well bottom. The alundum cylinders 
may be easily replaced if contaminated or broken. 

Two other modifications simplify the repair of thermocouples when 
necessary. First, the thermocouples are not cemented in place but held by 
asbestos which is forced into the space between the alundum tubing used 
in the construction of the thermocouples and the metal head. It has been 
found that this tends to eliminate breakage of the alundum tubes at the 
contact. Second, the method of preparation of thermocouples has been 
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Fic. 2. Diagrammatic sketch of thermal head mount. 


Fic. 1. Thermal head. 
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improved. Formerly the common (alumel) wire of a thermocouple pair 
consisted of one piece of wire joining the thermocouples. Individual ther- 
mocouples of chromel and alumel are now made, the alumel leads being 
connected in a mercury junction. 

Figure 2 illustrates the position of the thermal head within the furnace 
and the method employed to prevent the gaseous reaction products from 
coming into direct contact with the heating coils. The permeable alun- 
dum cylinders which support the head and also provide a flue for corro- 
sive gases have the following dimensions: 24” O.D.X1{%" I.D. The lower 
supporting cylinder is of sufficient length to center the head within the 
furnace, and the upper vented cylinder to extend approximately 3” above 
the furnace top. Since the rate of heat flow is somewhat inhibited at the 
start of a run, automatic program controlling must be deferred until the 
rate of temperature increase reaches about 12.5° C./minute. 


PROCEDURE 


The inner alundum cylinders of both sample and standard wells are 
filled with 120 mesh alumina. The space between inner and outer alun- 
dum cylinders is completely filled with 60 mesh alumina in the standard 
well, but to only one-fifth the height of the sample well. The remaining 
volume is loaded with an intimate mixture of sample and 60 mesh alu- 
mina. The optimum sample grain size has not yet been determined. How- 
ever, in the present work the powders have been finer than 100 mesh. Sev- 
eral sample: alumina ratios have been used from 1:3 to 1:20 by volume. 
One part of sample in fifteen parts of inert filler (alumina) appears to 
yield good results for most of the sulfides and arsenides tested. Subse- 
quent detailed study should reveal the grain size and ratio which yield 
the best results. The sample: alumina ratio may be found to be expressed 
more accurately in terms of weight than volume. It is believed that the 
ratio range expressed above indicates the approximate limits of the sam- 
ple-inert filler mixture. If the ratio is greater than 1:3 it is often difficult 
to remove the reaction products from the sample well, and the reactions 
may be too large to record accurately. If the ratio is less than 1:20 it 
may be necessary to amplify the record excessively to distinguish weak 
reactions. 

The reactions of samples are compared to standard alumina following 
the procedure for normal non-corrosive materials. This comparison is 
made from room temperature to 1000° C., the rate of temperature in- 


crease being standardized at 12.5° C./minute. Automatic temperature 
control is possible once this heating rate is attained. 
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DIFFERENTIAL THERMAL CURVES OF ILLUSTRATIVE MATERIALS 


Thermal curves (Figs. 3, 4) obtained utilizing this equipment are 
shown for quartz, kaolinite, and several minerals containing sulfur and 
arsenic. Consistent curves are obtained from repeated trials using the 
same specimen under uniform test conditions. During an earlier stage 
in the development of the equipment, the thermocouples required re- 
placement twice because of contamination. At that time the recess into 
which the inner alundum cylinder extends was added, and no corrosion 
has been observed subsequently. A list of the significant exothermic and 
endothermic peaks is shown in Tables 1 and 2. 


Quartz 


Crushed beach sand was used for this analysis. While minor amounts 
of heavy minerals may be present, sulfides, arsenides and clay minerals 
are apparently absent. Only one peak at 580° C. (endothermic) was re- 
corded with a peak height of about one-half inch. The inversion temper- 
ature recorded by standard differential thermal equipment is also about 
580° C. The equilibrium temperature for the alpha-beta inversion is ap- 
proximately 573° C. (Keith and Tuttle, 1952). 


Kaolinite 


Kaolinite from Murfreesboro, Arkansas, yields an endothermic reac- 
tion at 610° C. and an exothermic reaction at 990° C. Material from the 
same locality analyzed by the standard method has corresponding peak 
temperatures of 605° C. and 995° C. The peak heights recorded by the 
equipment described compared with the peak heights observed on stand- 
ard equipment appear to indicate that the new apparatus is somewhat 
more sensitive to exothermic reactions. 


Arsenic 


Three exothermic peaks are observed for arsenic from Andreasberg, 
Harz, at 265° C., 480° C. and 580° C. A study of the material from An- 
dreasberg must necessarily precede any interpretation of the thermal 
curve obtained since the possibility of contamination with other arsenides 
and sulfides exists. At least two oxidation reactions of native arsenic are 
possible: that yielding the tri-oxide and that producing the penta-oxide. 
It would appear that both reactions would be exothermic. No large endo- 
thermic peak resulting from the sublimation of arsenic oxide is observed. 
This reaction may be of small magnitude or may be concealed by other 
reactions. 
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Arseno pyrite 


One exothermic reaction at 530° C. is noted for arsenopyrite from Del 
Oro, Canada. Both sulfur and arsenic are essential constituents of ar- 
senopyrite; hence, it might appear that two or more peaks should be 
observed. Possibly more data would be obtained with a larger sample: 
alumina ratio. The curve illustrates a ratio of 1:15. Another possibility 
is that the reactions occur within the same temperature range, and there- 
fore only a single peak appears. 


Chalcopyrite 


One exothermic peak at 450° C. and two endothermic peaks at 750° C. 
and 790° C. are noted for chalcopyrite from Sudbury. The peak at 
450° C. represents part of a broad exothermic reaction starting at about 
380° C. and gradually diminishing in intensity until it merges with the 
first endothermic reaction at 750° C. There is a similarity of this broad 
reaction to the first pyrite reaction (illustrated in Fig. 4). Detailed 
analysis of the original material and subsequent reaction products should 
aid the explanation of these observed peaks. 


Sulfur 


Sulfur from Sicily yields two thermal reactions. The first occurs at 
130° C. (endothermic) and represents the melting of the sulfur. A second 
peak takes place at 380° C. (exothermic) and results from the oxidation 
of sulfur to sulfur dioxide. The rapid return of the curve to the baseline 
upon completion of oxidation is probably due to the complete removal of 
the reaction products as gases. 

The initial endothermic peak representing the melting point is of 
particular interest. The reader may consider some of the peaks illustrated 
for other materials as relatively broad. Under non-equilibrium conditions 
sulfur should melt within a short temperature range. The interval re- 
corded is about fifteen degrees, and the peak is quite sharp. It is con- 
cluded that the apparatus is capable of recording reactions which 
occur rapidly, and hence where broad peaks are observed they are due 


to the nature of the reactions rather than physical effects of the ap- 
paratus. 


Sphalerite 


A single peak at 690° C. (exothermic) occurs for sphalerite from Ellen- 
ville, New York. This peak represents the combined reactions of the 
dissociation of the sulfur, its oxidation and the oxidation of the zinc and 
any iron present. Apparently the latter reactions cannot occur until the 
dissociation begins. The effect upon peak temperature of the iron con- 
tent appears to deserve further consideration. 
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Fic. 3. Thermal curves for quartz, kaolinite and several minerals containing sulfur 
and arsenic. Sample data are listed in Table 1. (10 amplification) 


Pyrite 

Thermal curves of pyrite from six localities are illustrated in Fig. 4 to 
show the effect of sample:alumina ratio upon the record and also to indi- 
cate the similarities and variations for different specimens of the same 
species. 

The first three curves illustrate the effect of sample dilution. Pyrite 
from Bingham, Utah (sample K-1) was mixed in the proportions 1:4,1:38 
and 1:15. With decreasing amounts of sample the following is observed: 

(a) The endothermic reactions shown by all samples at approximately 

580°C. and 680°C. for a 1:4 ratio do not appear when the 
sample:alumina ratio is decreased to 1:8 or eal Pe 

(b) The temperature range of the broad exothermic reaction decreases. 

(c) The peaks shift to lower temperatures. 

It is possible that the thermal curves produced by a 1:4 mixture of 
sample and alumina consist essentially of two exothermic peaks. The 
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Fic. 4. Thermal curves for pyrite from several localities. Sample data 
are listed in Table 2. (10 amplification) 


first would extend from about 400° C.—580° C. (broad) and the second 
would be relatively sharp at approximately 610° C. The peak shift would 
he as follows: 


Sample: alumina ratio First Peak Second Peak 
1:4 400-580° C. (Broad) 610° C, 
1:8 440-575° C. (Broad) 600° C. 
115 460—-525° C. (Broad) 550° C. 


Another possibility is concerned with the amount of sample present. 
When the sample:alumina ratio is high, i.e. 1:4, it follows that large 
amounts of reaction products will form. Perhaps these reaction products 
will alter the reaction rate and peak temperatures, and may even intro- 
duce secondary reactions by surrounding the material with an atmos- 
phere other than air. 

The authors intend to investigate pyrite more thoroughly to determine 
whether one of the above produces the observed phenomena or whether 
an alternate explanation exists. . 
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In general, the six samples illustrated in Fig. 4 show similar curves 
with minor variations. The initial peak is rather broad, extending from 
about 400° C.—560° C. followed by several endothermic and exothermic 
peaks listed in Table 2. The variations may provide information concern- 
ing the effects of substitution, crystallite size and other crystal data. In 
such a study precise control of grain size, sample: alumina ratio and sam- 
ple purity are important. Of the samples illustrated, K-3 from Elba ap- 
pears to deviate the most from the other curves. 


CONCLUSION 


The purpose of this paper has been to describe improved equipment for 
the investigation of minerals containing corrosive elements such as 
sulfur and arsenic. Differential thermal analysis, while widely used for 
the examination of materials containing non-corrosive constituents, has 
been generally avoided where corrosive elements are present. The equip- 
ment described appears to overcome this difficulty. Curves have been 
obtained from as little as 0.15 gm. of pyrite and 0.08 gm. of sulfur. The 
thermocouples appear to stand up well under repeated use. 

The possible application in quantitative determination is suggested by 
progressively decreasing peaks related to decreasing sample:alumina 
ratio noted in the case of pyrite from Bingham, Utah. Variations in peak 
temperatures for corresponding reactions of several specimens of the 
same mineral, as illustrated by thermal curves for pyrite from six locali- 
ties, may result from contamination, ionic substitution or mixed crystals. 
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DUTTONITE, A NEW QUADRIVALENT VANADIUM 
OXIDE FROM THE PEANUT MINE, MONTROSE 
COUNTY, COLORADO* 


M. E. THompson, Cart H. Roacu, AND Ropert Mryrowitz, 
U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 


Duttonite, a new quadrivalent vanadium oxide from the Peanut mine, Montrose 
County, Colo., has the formula VO(OH):. The mineral occurs as crusts and coatings of 
pale-brown transparent platy crystals, as one of the first oxidation products of montroseite 
ore. It is associated with melanovanadite and abundant crystals of hexagonal native 
selenium. Duttonite is biaxial positive, 2V is about 60°, dispersion is r<v, moderate; 
X=a, pale pinkish brown; Y=c, pale yellow-brown; Z=), pale brown; a=1.810+0.003, 
8=1.900 +0.003, y>2.01. The hardness is about 23; the calculated specific gravity is 3.24. 


The chemical analysis shows, in per cent: V203 2.6, V204 75.3, FeO 0.4, H2O 18.1, in- 
soluble 4.2, total 100.6. 


Duttonite is monoclinic, ap=8.80+0.02A, bo=3.95+0.01A, co=5.96+0.02A, 
8=90°40' + 5’. The space group is /2/c, (C2;®); the cell contents are 4[ VO(OH)2|. The crys- 
tals are strongly pseudo-orthorhombic, and the structure departs only slightly from the 
space group Jmcm. 


Duttonite is named for Captain Clarence Edward Dutton (1841-1912), early member 
of the U. S. Geological Survey. 


INTRODUCTION AND ACKNOWLEDGMENTS 


A detailed study of the geology, geochemistry, and mineralogy of the 
vanadium-uranium ore at the Peanut mine, Montrose County, Colo., 
was begun early in 1954 by Carl H. Roach of the U.S. Geological Survey. 
A number of rare and new minerals were found in the ore and the study 
of these samples was undertaken by Mary E. Thompson. Duttonite is 
the first new vanadium mineral to be described from the Peanut mine. It 
is named for Captain Clarence Edward Dutton (1841-1912), who was one 
of the first geologists to work in the Colorado Plateau region and who was 
a member of the U. S. Geological Survey 1879-91. 

We are indebted to the following members of the U. S. Geological 
Survey: K. V. Hazel for spectrographic analyses of duttonite, and M. E. 
Mrose and H. T. Evans, Jr., for measurement of the unit-cell constants. 
This work is part of a program being conducted by the U. S. Geological 
Survey on behalf of the Division of Raw Materials of the U. S. Atomic 
Energy Commission. 


OCCURRENCE 


Duttonite has been found at the Peanut mine, in the Bull Canyon min- 
ing district, Montrose County, Colo. The Peanut mine is about 15 miles 


* Publication authorized by the Director, U. S. Geological Survey. 
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west of Naturita, Colo., in section 32, T. 46 N., R. 17 W. (Fig. 1). It is 
situated along the axis of the Dry Creek Basin syncline, which lies be- 
tween the Paradox Valley and Gypsum Valley salt anticlines (Cater, 
1954). 

The vanadium-uranium ore at the Peanut mine occurs in the upper 
ore-bearing sandstone of the Salt Wash sandstone member of the Morri- 
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Fic. 1. Index map of the locality of duttonite— the Peanut 
Mine, Montrose County, Colorado. 


son formation of Late Jurassic age. Ore bodies occur along the flanks of a 
buried channel and are localized by cross-bedding structures associated 
with the channel. The cross-bedding structures are called festoon cross 
lamination (Knight, 1930). The major festoon surfaces are relatively 
impermeable, and some have caused the formation of perched water 
tables. Most of the ore bodies are saturated with water which has pre- 
vented much oxidation of the ore minerals although the regional water 
table is several hundred feet below the ore horizon. 


The principal ore minerals are montroseite, paramontroseite (Evans 
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and Mrose, 1955), vandiferous silicates, uraninite, and coffinite. The 
primary ore minerals impregnate sandstone and replace coalified wood. 
Along fractures in the ore-bearing sandstone there is commonly a thin 
massive coating of an undescribed vanadium oxide which partially re- 
cements the fractures. 

On this coating duttonite occurs as crusts of randomly oriented six- 
sided platy crystals which range in size from extremely minute to about 
0.5 mm. for the longest dimension. Associated minerals are melanovana- 
dite, abundant crystals of native selenium (Thompson e? al., 1956a), sim- 
plotite (Thompson e a/., 1956b), and other undescribed vanadium min- 
erals. 

Duttonite has also been found in association with native selenium and 
simplotite at the Sundown claim, Slick Rock mining district, San Miguel 
County, Colorado (A. D. Weeks, written communication, 1956). 


PHYSICAL AND OPTICAL PROPERTIES 


Duttonite occurs as six-sided platy monoclinic crystals. The morpho- 
logical elements (from x-ray measurements) are as follows: 
Crystal class: monoclinic prismatic, 2/m 
a:b:c=2.228:1:1.509, B=90°40’ 
po’ =0.677, go’ =1.509, xo’ =0.012 
Forms: ¢{001}, a{100}, m{110} 


The crystals are flattened parallel to c{001}, and are strongly pseudo- 
orthorhombic in aspect (Fig. 2). In fact, the only positive evidence for 


a 


Fic. 2. Typical crystal habit of duttonite. 


the monoclinic symmetry is provided by the «x-ray powder data. A 
pronounced cleavage is present parallel to (100). The hardness is about 
24. The specific gravity was not measured directly, but the mineral sinks 
in bromoform of specific gravity 2.9 and floats on methylene iodide of 
specific gravity 3.3. The specific gravity calculated from the x-ray data 
is 3.24. 

The optical properties of duttonite are consistent with the pseudo- 
orthorhombic symmetry. It is biaxial positive, 2V about 60°, dispersion 
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r<v, moderate. The indices of refraction, pleochroism, and optical orien- 
tation are summarized as follows: 


Pleochroism 


Orientation n 
X=a a=1.810+0.003 pake pinkish brown 
Y=c B=1.900 +0.003 pale yellow-brown 
ZL=0 y>2.01 pale brown 


CHEMICAL ANALYSIS 


Duttonite occurs as aggregates of tiny platy crystals, altering from 
another undescribed vanadium oxide and intermixed with tiny crystals 
of hexagonal native selenium. The sample used for chemical analysis was 
prepared by hand-picking a number of aggregates of crystals and crush- 
ing each aggregate between glass slides. The crushed material was exam- 
ined with a binocular microscope. The other vanadium oxide appeared as 
formless opaque blobs; the tiny acicular selenium crystals were not 
easily seen. Only the purest of the aggregates were saved, and by this 
means about 25 mg. was accumulated for the analysis. 

A microqualitative spectrographic analysis by K. V. Hazel showed 
over 10 per cent V, 0.1 to 0.5 per cent Fe, and 0.05 to 0.1 per cent Si, Al, 
and Ca. The blue-green color of a solution of the mineral in concentrated 
HC] and the structure determination by Evans and Mrose indicate that 
the mineral is an oxide of V*r. 

The selection of the procedures used for the chemical analysis was 
based upon the qualitative spectrographic analysis. V2O3 and V2O,4 were 
calculated using the values obtained for the following determinations: 
(1) total reducing ability of the mineral, (2) total vanadium, and (3) FeO. 

The total reducing ability was determined by decomposing the mineral 
in boiling (1+-3) sulfuric acid and titrating with approximately 0.03 V 
standard potassium permanganate. The Fe content was determined spec- 


TaBLe 1. CHEMICAL ANALYSIS OF DUTTONITE, IN PER CENT 


(Robert Meyrowitz, analyst) 


Analysis, less insoluble, 
Analysis of duttonite recalculated to VO(OH)2 
100 per cent 


V203 2.6 Ded: 

V204 75.3 78.1 82.2 
FeO 0.4 0.4 

H20 18.1 18.8 17.8 
Insoluble 4.2 


Total 100.6 100.0 100.0 


DUTTONITE, A NEW QUADRIVALENT VANADIUM OXIDE 


TABLE 2. PowpDER-D1IFFRACTION DATA FOR DUTTONITE 
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CuKa radiation, 114.6-mm diameter camera. d (calculated) listed for monoclinic unit 
cell: ao9=8.80 A, bob =3.95 A, co=5.96 A, 8=90°40'; space group 12/c. 


hkl d (calc.) d (obs.) vf hkl d (calc.) d (obs.) i 
200 4.40 4.40 100 004 1.491 1.491 4 
110 3.60 3.61 85 420 1.470 

O11 3.29 3.29 13 600 1.467 1.468 6 
002 2.98 2.98 6 512 1.422 1.423 2 
211 2.65 2.64 13 204 1.417 

211 2.63 512 1.409 

202 2.482 2.480 15 204 1.407 1.407 2B 
202 2.455 2.454 15 413 1.389 

310 2.361 114 1.380 1.380 3 
112 2.303 114 1.375 

112 2.292 413 1.375 

400 2.201 2.202 7 611 1.343 

020 1.975 1.974 14 611 1.337 

312 1.857 1.860 5 602 1322 

312 1.840 422 1.322 1.324 3 
121 1 (835 422 1.314 1.314 2 
411 1.835 1.838 21 602 1.310 1.309 1 
121 1.892 130 1.302 

411 1.824 031 1.286 1.285 3 
220 1.802 1.801 3 521 1.286 

402 1.780 1.779 7 521 1.281 

013 1.776 314 1.265 

402 1.761 1.759 6 314 1.254 1.258 1 
213 1.653 1.656 2 404 1.237 

022 1.647 231 1.235 1.235 3 
213 1.641 1.639 y. 231 1.233 

510 1.610 1.611 3 404 1.228 1.229 1 
321 1.578 1.580 6 710 1.199 1.199 3 
321 1.573 132 1.194 

222 1.545 1.542 3 132 1.193 

222 1.539 620 Peles 1.179 2 


trophotometrically by the o-phenanthroline procedure and calculated 
as FeO. A 5-cm absorption cell was used. The total vanadium was deter- 
mined spectrophotometrically by the hydrogen peroxide procedure using 
a separate sample which was dissolved by boiling with (1-1) nitric acid. 
Orthophosphoric acid was used to mask the iron. 

The insoluble material was determined by boiling the sample with 
(1+3) sulfuric acid in a weighed Schwarz-Bergkampf microfilter beaker. 
The residue was filtered and washed with water and dried to constant 
weight at 110°+5° C. These weighings were made with a microbalance. 
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An x-ray powder pattern of the insoluble material by George Ashby of 
the U. S. Geological Survey showed it to consist of hexagonal selenium 
and quartz. 

Water was determined by use of a modified microcombustion train of 
the type used for the determination of carbon and hydrogen in organic 
compounds. The sample was decomposed by ignition at 900° C. in a 
stream of oxygen. 

The results of the chemical analysis are shown in Table 1. The per- 
centages, when recalculated to 100 per cent after eliminating the insol- 
uble fraction, agree well with the theoretical values for V204:2H2O. This 
result is in agreement with the composition which has been predicted for 
Duttonite by Evans and Mrose on the basis of a crystal structure study 
now in preparation. 


X-RAY DATA 


An x-ray diffraction powder pattern of duttonite was taken with a 
Debye-Scherrer camera (114.6-mm diameter) using CuKa radiation. 
The measured powder data are listed in Table 2. M. E. Mrose has deter- 
mined the unit cell of duttonite by the Buerger precession method as fol- 
lows: dp =8.80+0.02 A, bp =3.95+0.01 A, co=5.96+0.02 A, B=90°+1°; 
space group /2/c (Cx*); unit-cell contents, 4[VO(OH).]. Because of the 
poor quality of the crystals, the monoclinic angle could not be detected 
in the single-crystal study, and at first the orthorhombic space group 
Imcm was assigned to the mineral. H. T. Evans has shown, however, that 
.the orthorhombic lattice accounts for the powder spacings only approxi- 
mately, and that a good fit of calculated and observed spacings can be 
obtained only by assuming monoclinic symmetry with B=90°40’+5’. 
His interpretation of the powder pattern is shown in Table 2. The crystal 
structure study of duttonite carried out by Evans and Mrose will be pub- 
lished at a later date. 
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A STRUCTURAL STUDY OF THE THERMAL TRANS- 
FORMATION OF SERPENTINE MINERALS TO 
FORSTERITE* 


G. W. BRINDLEY AND J. ZussMAN,} Department of Ceramic 
Technology, The Pennsylvania State University, University 
Park, Pa. 


ABSTRACT 


X-ray single crystal and powder methods have been applied to a study of the thermal 
transformation of all the known crystal structure varieties of serpentine to forsterite. Di- 
rectional and dimensional relations are established between the serpentine and forsterite 
structures. Evidence is also obtained for some degree of ordering during the transition 


process which appears to be related to the structural and chemical characteristics of the 
initial mineral. 


INTRODUCTION 


The transformation of serpentine minerals to forsterite (or olivine) 
by heating in air has been studied many times in the past when the main 
objectives were identification of the products formed (see for example 
Hargreaves and Taylor, 1946) and the determination of the thermal 
changes accompanying the process. More detailed structural studies by 
Aruja (1943) and by Hey and Bannister (1948) on the transformation of 
chrysotile fibres showed certain orientational relations between the 
initial and final materials. A similar study by Brindley and Ali (1949) 
of the transformation of chlorite to olivine established relations between 
the initial and final unit cells, and plausible suggestions were made re- 
garding the mechanism of the transformation. Similar methods have now 
been applied to the transformations of all the known crystal-structural 
varieties of serpentines. The detailed work in recent years by Whittaker, 
Zussman, Jagodzinski and Kunze, Brindley and others on the structural 
varieties of the serpentines makes it opportune now to examine their 
transformation characteristics. 

Although the present studies are concerned with dry heating condi- 
tions, the results obtained from hydrothermal methods may have some 
relevance, particularly if a water vapor atmosphere is trapped in the 
material at or near the transformation temperature. Bowen and Tuttle 
(1949) studied pure synthetic magnesian chrysotile and obtained for- 
sterite and talc as reaction products at 500—530° C. and over a wide range 
of water vapor pressures. Nelson and Roy (1954 and private discussion) 


* Contribution No. 56-33 from the College of Mineral Industries, University Park, 
Pennsylvania. 
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applied both hydrothermal and dry heat treatments at about SOOT. 
to natural chrysotile and antigorite, and to various synthetic materials 
ranging in composition from pure serpentine, through chlorite, to ame- 
site. Among other results, they found that antigorite transforms hydro- 
thermally to talc, forsterite and chlorite, but chrysotile in general gives 
only talc and forsterite. Under appropriate dry heating conditions, they 
found a broad reflection corresponding to a spacing of about 13.5-14 A 
was developed which they considered ‘‘may be due to some intermediate 
metastable arrangement.’’ The formation of chlorite from antigorite but 
not generally from chrysotile may be correlated with the somewhat 
greater content of aluminum and other trivalent ions in antigorite than 
in chrysotiles. 


EXPERIMENTAL METHODS AND SPECIMENS USED 


Specimens have been used which were previously studied by Zussman, 
Brindley and Comer (1957) by x-ray and electron diffraction methods 
and with the electron microscope. They are as follows: 

(1) Silky chrysotile fibres (Transvaal) 85% clino-chrysotile, 15% 


Chrysotiles ortho-chrysotile 
\(2) Splintery clino-chrysotile (Zermatt) 


6-layer ortho- (3) Massive green serpentine (Unst, Shetland Isles) 
serpentines (4) Fibrous blue-green serpentine (Unst, Shetland Isles) 


Lizardites i-layer | (5) Massive green serpentine (Snarum, Norway) 
ortho-serpentine | (6) White platy serpentine (Kennack Cove, Cornwall) 


Antigorites (7) Fibrous antigorite (Shipton, Quebec) 
(long a spacing)|(8) Platy antigorite (Glen Urquhart, Scotland) 


Chemical analyses of some of these minerals and of several other 
specimens examined in the previous work are listed in an appendix to this 
paper. 

The materials were finely powdered, heated in air in a muffle furnace, 
and kept at successively higher temperatures for periods of 12 hrs. each. 
Before the initial heating and after cooling from each of the temperatures, 
500, 550, 575, 600, 625, 650, 700, 750 and 800° C., diffractometer traces 
were obtained with standard Norelco x-ray equipment. Fibre and single 
crystal diagrams were recorded for specimens 1, 2, 4, 6 and 7 using a 
Unicam single-crystal goniometer. The specimens were maintained suc- 
cessively at various temperatures for periods between 6 and 12 hours. 


RESULTS 
(a) X-ray powder data 


In view of previous descriptions by Whittaker and Zussman (1956) 
it suffices to state the results for the unheated specimens very briefly. 
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Reflections of general type Akl are rare except for antigorites, minerals 
characterized by the long ‘a’ parameter (Zussman, Brindley and Comer, 
1957). Lizardites (one-layer ortho structures) show a few weak reflections 
of general type. These results indicate an absence of the three dimen- 
sional regularity in most serpentines. Chrysotile exhibits complete order 
with respect to [100] but none with respect to [010]. The most promi- 


10 20 30 40 50 60 
Degrees 20 


Fic. 1. Powder diffractometer traces for white, platy serpentine, Kennack Cove, Corn- 
wall (1-layer ortho-serpentine). Trace for material heated to 500° C. shows indices of 
serpentine reflections. On the 600° C. trace, F indicates a forsterite reflection. 


nent reflections are hOl’s, OOl’s, and hk0’s (or hk bands), the latter hav- 
ing profiles related to the supposed cylindrical or curved nature of the 
lattice. 

Table 1 summarizes the changes observed in the «-ray powder patterns 
after successive heatings and Fig. 1 shows typical diffractometer traces 
for specimen 6, platy lizardite. No exact significance attaches to the tem- 
peratures listed in Table I, since in solid state reactions of this type time 
and temperature are interdependent factors, while other conditions such 
as grain size, mode of packing, etc., also influence reaction rates. 

The following sequence of events is revealed by the #-ray powder data: 
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The weakening of h0/, together with any /k/ reflections there may be, cor- 
responds to a disruption of stacking order. The weakening and broaden- 
ing of hk bands indicate disintegration of the layer network into ever 
smaller ordered regions. The development of a broad reflection at low 
angles, about 20=6° for CuKa radiation, corresponding to a spacing of 
about 14 A, was previously noted by Nelson and Roy (1954). The subse- 
quent behavior of this peak, see Table 2, varies for different specimens, 
remaining largely constant for specimens 1—4, and perhaps also for speci- 
men 5, but diminishing down to about 10 A for antigorites and platy 
lizardite, specimens 6, 7 and 8 (c.f. Fig. 1). 

At about 575-600° C., forsterite peaks are observed and this is fol- 
lowed by complete disappearance of the serpentine pattern. For speci- 
mens Nos. 3 and 5, both of which are massive, the serpentine peaks van- 
ished before forsterite appeared. This is probably the result of a very 
fine-grained texture, rather than of any structural features. In the final 
stage of the transformation, the low-angle reflection in the 10-14 A spac- 
ing range and the forsterite pattern remain superimposed on the scatter- 
ing band of an amorphous product. 


(b) Single crystal x-ray diagrams 


These are important for the evidence they provide of orientation rela- 
tions between the initial and final stages of the transformation, and also 
for additional evidence bearing on the transitional stage itself. 

For silky chrysotile, specimen No. 1, results similar to those of Aruja 
(1943) and of Hey and Bannister (1948) are obtained, confirming that 
after heating to 600° C. spots and short powder arcs are produced belong- 
ing to the patterns of forsterite crystals* which have [010] and [013]r 
approximately parallel to the original fibre axis [100]s. Layer lines from 
[010]y crystals were superimposed upon even-order layer lines from 
[013], but spots belonging to the [010] orientation were identified by 
measurement of & values. Also the following features additional to those 
previously reported, were noted: 

(i) A few weak spots were observed suggesting the presence of crystals 
with orientation [001]r parallel to [100]s. 

(ii) hk streaks which extended along layer lines persisted later than 
other serpentine reflections as diffuse scattering areas, having lost their 
“tails” and spread in the direction normal to the layer lines. 

(iii) Near the center of the film is a region of scattering corresponding 
to a spacing greater than 14 A which is confined to the zero layer line. 


* Subscripts F and S are used henceforth for indices referring to forsterite and serpen- 
tine cells respectively. 


466 G. W. BRINDLEY AND J. ZUSSMAN 


This is related to the broad, low-angle peak seen in the powder traces and 
shows the latter to be 00/ or an O&/ reflection. 

The splintery and fibrous specimens, Nos. 2 and 4, also with [100]s 
along their length, yielded forsterite crystals with orientations as for 
specimen 1, but their diffraction patterns were less clear owing to the 
large range of misalignment present at all stages. 

Fibrous antigorite (picrolite), specimen No. 7, is poorly oriented with 
fibre axis [010]s and on heating transforms to forsterite crystals of which 
most have [001]p, but some have [011]y, parallel to [010]s. These orienta- 
tions are approximately perpendicular to those produced from serpen- 
tines with [100]s as fibre axis. 

Single crystals of white platy lizardite (specimen No. 6) yielded oscil- 
lation and rotation photographs which showed reflections of forsterite 
after heating to 580° C. After 600° C., the serpentine reflections had dis- 
appeared except for hk bands which are seen as diffuse streaks in Fig. 
2(a). Spots and arcs in this figure are mainly from forsterite with [001]r 
parallel to [010]s. Above 650° C. other diffuse areas appeared on layer 
lines corresponding to a repeat distance of about 18 A; these are seen in 
Fig. 2(6). They became stronger on further heating and could be indexed 
using a cell similar to that of serpentine but with double its b-axis. Evi- 
dence for this diffuse scattering was also seen in the diffractometer traces 
of powdered lizardite (see Fig. 1, traces at 600° and 650° C.). In rotation 
photographs about [100]; some of the diffuse reflections were of the type 
which would be absent from serpentine through the face-centering of its 
lattice. 

The rotation diagrams showed the forsterite to be strictly orientated 
with respect to the original serpentine in the following way: 

[010]» and [013]y parallel to [100]s, 

[001]» and [011]y parallel to [010]s, 
and by implication 

[100] is parallel to c*s. 


These relations hold for all the serpentines examined in this work so 
far as they can be evaluated from the x-ray data; limitations are imposed 
when fibre diagrams only can be obtained. 


In addition the following relations hold between the unit cell param- 
eters: 


2ag—~br and 2bs—~3cr. 
THE RELATIONS BETWEEN THE SERPENTINE AND 
FORSTERITE STRUCTURES 


The serpentine minerals have layer structures, each layer comprising 
one sheet of linked Si-O tetrahedra and one sheet of Mg-O(OH) octa- 


THERMAL TRANSFORMATION OF SERPENTINE TO FORSTERITE 467 


Fic. 2. Rotation diagrams about the b-axis of a single flake of specimen No. 6. 
(a) Above. After heat treatment at 580° C. 
(b) Below. After heat treatment at 800° C. 


hedra; the overall composition is Mg3Sis0;(OH),. Forsterite, Mg.SiOu, 
contains discrete SiO, tetrahedral groups joined by Mg-O octahedral 
groups. Tilley (1948) suggested the following relation for the transforma- 
tion of pure magnesian serpentine: 


2M g;Si205 (OH) {= 3MgeSiO, 4 S$i0.+4H.O 


The unit cell relations, 2as=br and 2bs= 3cy, show that four cells in one 
layer of serpentine transform to 3 cells in one layer of forsterite. The 
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transformation can be considered layer by layer with the following atoms 
involved: 
4[2Mg;Six0;(OH)4J=  3[4MgeSiOs] +-4Si02+16H20 


Unit cell content Unit cell content 
of serpentine of forsterite 


Fig. 3 suggests schematically the movement of atoms when the serpen- 
tine structure containing three oxygen-hydroxyl sheets per layer col- 
lapses to the forsterite structure containing two oyxgen sheets per unit of 


116H20 
4Si 02: 
24 (0H) Fas ade heli art 
3Si 
Lite SS 24Mg 24(0) 
3Si 
16(0) 8(0H) I2Mg- - - —---- — 
3Si 
24(0) 
oh A 16 Si 3Si 
24(0)iteree eet ee ee eee 
Serpentine Forsterite 


Fic. 3. Schematic diagram showing transition from serpentine to forsterite. Numbers of 
atoms given are contained in 4 unit cells of serpentine, and 3 unit cells of forsterite re- 
spectively. 


structure. It is evident that there must be considerable re-organization 
of the Mg-O(OH) part of the serpentine layer when dehydration occurs, 
accompanied by a collapse of the layer structure to the three-dimension- 
ally coordinated forsterite structure. 

It is supposed that the Si-O bonds in the serpentine structure remain 
largely intact when the transformation takes place, although some must 
be broken because (a) the continuously linked tetrahedra of serpentine 
give place to separate tetrahedra in forsterite, and (b) some silica is dis- 
carded if the chemical relation given above is correct. 

Figs. 4(a) and 4(6) show superpositions of the serpentine and forsterite 
structures with the correct unit cell relations. For clarity only the tetra- 
hedrally coordinated part of the serpentine layer is indicated by means 
of broken lines; in any case, the Mg-O(OH) part suffers major reorganiza- 
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Fic. 4. (a) Above. Relation between the forsterite structure and the tetrahedral part 
of the serpentine structures as viewed along ar. Solid lines: edges of tetrahedra in forsterite. 
Broken lines: hexagonal Si-O network in serpentine. Solid arrows: movements of oxygen 
atoms. Dashed arrows: movements of silicon atoms. 

(b) Below. Relation between forsterite and collapsed serpentine as seen along cy. Solid 
lines: tetrahedra and Si-O bonds in forsterite. Broken lines: tetrahedral part of serpentine 


structure. 
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tion as previously explained. The tetrahedra of the forsterite structure 
are heavily outlined, and the edges of the tetrahedra are shown in such a 
manner as to distinguish between those pointing up and those pointing 
down with respect to ay. A comparison of Figs. 4(a) and 4(6) makes these 
orientations clear. In serpentine the tetrahedra all point in one direction 
and the Si atoms lie at one level. However, one can see by comparison of 
Figs. 3, 4(a) and 4(d), that some tetrahedra in serpentine require only a 
small rotation to pass to the arrangement in forsterite, and in other cases 
it is only necessary for the Si atoms to migrate to the other side of the 
oxygen network. The collapse of the serpentine layer structure indicated 
in Fig. 3 can be considered in relation to the structure shown in Fig. 4(0). 
The latter is essentially the structure of forsterite, and in consequence 
the initial tetrahedral networks indicated by broken lines are shown closer 
together than their true separation in serpentine. 


THE TRANSITION STAGE 


Additional evidence concerning the transition process is provided by 
the low-angle reflection recorded in powder diagrams (see Table 2). 
The salient features of this reflection are that it remains relatively sta- 
tionary and fairly sharp at about 14-15 A for specimens 1—4. These are 
essentially 2-layer structures, and chemically appear to be among the 
purer magnesian silicates. (The material showing the 6-layer character- 
istics may contain a large proportion of 2-layer type material, or the 6- 
layer structure may not be very different from a 2-layer structure; the 
reflections which indicate the 6-layer character are all weak and are few in 
number.) The low-angle reflection shows a progressive shift from about 
14 A down to about 10 A, for specimens 6, 7 and 8; these are essentially 
1-layer structures and chemically they are richer in R2O; than specimens 
1—4. These reflections are broader and would be interpreted generally as 
arising from a variable mixed-layer sequence. A priori, it is difficult to 
decide whether the structural or the chemical aspect or both of the orig- 
inal minerals is to be associated with the long spacing developed transi- 
tionally by the heat treatment. 

In the first place it may be supposed that the two-layer structural 
character of specimens 1-4 imposes a corresponding regularity on the 
transformation product, giving rise to a 2X7.3=14.6 A periodicity. The 
possibility of a chlorite-like material is also suggested by a 14 A spacing 
but several arguments point against this. In the first place, chlorites sel- 
dom if ever give a spacing greater than 14.3 A whereas the observed 
spacing ranges mainly from about 14.5-15.0 A. Chlorites normally con- 
tain appreciable R20; components, but specimens 1-4 are among the 
purer magnesian serpentines. The hydrothernal experiments of Bowen 
and Tuttle (1949) showed no development of chlorite from pure magne- 
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sian serpentine. It is tempting but perhaps misleading to refer also to the 
observation by Hill (1955), examined in more detail by Roy and Brindley 
(1956), that a similar transitional 14 A reflection can be obtained by 
heating the aluminian silicate, dickite, which also has a two-layer struc- 
ture. Here, however, the dehydrated phase (metadickite) probably re- 
tains the whole of the silica and alumina of the original mineral. Hill 
(1956) has advanced certain hypotheses concerning the 14 A reflection 
from dickite based on a new linkage of the type Al-O-Si between the 
layers, but it still remains difficult to see how this accounts for the 14 A 
reflection, and it is equally difficult in the magnesian case. 

While no certain proof can be founded on a single observation, we are 
inclined to the view that the nearly stationary 14 A reflection from speci- 
mens 1-4 arises in some as yet unknown way from the 2-layer type of 
structure. It could perhaps arise from a concentration of the discarded 
silica in sheets 14 A apart ie., we may visualize two serpentine layers 
transforming to two forsterite layers plus one layer of silica. As heating 
progresses, silica migrates out from these interlayer positions allowing the 
forsterite sheets to come together; the powder diagrams do, in fact, sug- 
gest that the forsterite pattern grows in intensity as the 14 A reflection 
diminishes. It is perhaps also significant that the transition to forsterite 
occurs at a somewhat lower temperature for the two-layer structures as 
compared with specimens 7 and 8, but evidence of this kind has to be 
accepted very cautiously because solid state reactivity depends on many 
factors. The observed wide band of scattering may arise from amorphous 
SiOz. 

The second case to be considered is that of the 1-layer serpentines 
which show the low-angle reflection moving from 14 A to about 10 A. 
The R.O3 content of these specimens is favorable to the formation of a 
considerable number of chlorite-like layers and moreover only very small 
amounts of Al,O; are acceptable in the olivine structure. Roy and Roy 
(1955) have already discussed the formation of chlorite layers from alu- 
minian serpentines while Nelson and Roy (1954) have shown the hydro- 
thermal development of chlorites from such serpentines. The broad char- 
acter of the observed reflection and its movement towards 10 A at higher 
temperatures points strongly to a mixed-layer sequence of roughly 14 
and 10 A layers. If, with the expulsion of water, the chlorite-like 14 A 
units break down into pairs of forsterite units of thickness 24.73 = 9.56 
A, then we have a simple mechanism by which 14 and 10 A units will 
coexist in proportions varying with the heat-treatment. It may be re- 
called that Brindley and Ali (1950) showed that chlorite-like 14 A layers 
persisted after the partial dehydration of magnesian chlorites. 

Additional evidence concerning the transition product of a 1-layer 
serpentine is obtained from the diffuse reflections seen in Fig. 2(6) which 
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may be indexed using a cell with dimensions 3ar X br X3cr (14.28 X 10.20 
17.97). Possible indices, with £ and ¢ values are given in Table 3. 

If this indexing is more than fortuitous it suggests that these repeat 
distances refer to the transformation product. Two of them are evident 
in Fig. 4(a), namely br~2ag and 3cp—~2bs. 

Reflections 3, 6 and 7 are the strongest and are probably responsible 
for the broad peak at about 29= 29° seen in Fig. 1 (600° and 650°). 


TABLE 3. DirFUSE REFLECTIONS FROM A TRANSITION PRODUCT OBTAINED ON 
Hratinc A ONE-LAYER SERPENTINE (LIZARDITE) 


obs. 
hkl ¢ calc. ne E calc. ee 005) 
1 530 0.000 0.000 705 .710 
2 240 0.000 0.000 642 .640 
3 231 0.086 0.085 502 .500 
4 022 0.171 0.170 .302 .300 
5 062 Oni 0.170 .906 .905 
6 304 0.343 0.340 .324 .330 
7 115 0.429 0.430 .186 .200 
8 316 0.514 0.510 2950 .360 
CONCLUSIONS 


Serpentines transform to forsterite in the same general way as do 
magnesian chlorites. Although the final transformation appears to be 
.the same or closely similar for all structural varieties of serpentines, the 
transitional stage appears to depend on whether the initial minerals have 
a two-layer or a one-layer type of structure; the six-layer type appears to 
behave like the two-layer and it may have a predominantly two-layer 
character. The two-layer serpentines behave similarly to the two-layer 
aluminian silicate, dickite, giving a transitional product with a nearly 
constant 14.5 A spacing, while the one-layer serpentines give a transi- 
tional product with a spacing which diminishes from about 14 down to 
10 A. A single crystal study of a one-layer serpentine showed a doubling 
of the ag and bs parameters during the transition stage. 
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APPENDIX 
SPECTROGRAPHIC ANALYSES OF SOME SERPENTINE MINERALS 


(Data supplied by Dr. F. L. Pundsack and Mr. Richard Wiley) 


Silky Splintery Massive Fibrous Fibrous Platy 
crysotile (1) crysotile (2) Lizardite (5) Antigorite (7) Antigorite Antigorite 
(Transvaal) (Zermatt) (Snarum) (Quebec) (Maryland) (Antigorio) 
SiO: 434+3% 434+3% 414+3% 4343% 45+3% 44+ 3% 
TiO. 0.001 0.001 0.003 0.009 0.001 0.003 
ALO; 0.09 0.07 0.17 OO. 20 C.68 231 0E2 
Cr:Os nil nil 0.009 nil 0.05 0.23 
FeOs 0.82 2.4%0.2 1.8+0.1 S12 O2 6.3+0.4 5.6+0.3 
Mn:O3 0.04 0.05 0.009 0.09 0.07 0.11 
BsO; 0.04 0.04 0.11 <0.01 <0.01 <0.01 
MgO 444+ 3% 434+3% 45+ 3% 42+3% 3743% 38+ 3% 
NiO 0.004 0.007 0.02 9.03 gi Ye 0.12 
CaO 0.02 0.05 0.11 0.03 0.03 0.09 
NazO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
K:0 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
V20s <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ignition loss 
175°-1000° 13.16 12.83 ASS) 11.88 10.73 10.33 
Wet CHEMICAL ANALYSES OF SOME SERPENTINE MINERALS 
(a) (0) (0) (d) (e) 
Silky Massive Platy Platy Platy 
chrysotile (1) serpentine (3) lizardite (6) antigorite antigorite 
(Transvaal) (Unst) (Kennack) (Caracas) (Mikonui) 
SiO. 41.33 41.65 44,49 43.60 43.45 
TiO. 0.02 nil 0.03 0.01 0.02 
ALOs 0.80 0.10 2.26 1.03 0.81 
Cr:O; -- — 0.02 n.d. 
Fe:O3 1.29 2.88 0.48 0.90 0.88 
FeO 0.08 0.16 0.81 0.69 
MnO 0.04 0.05 0.04 nil 
NiO — = 0.16 n.d. 
MgO 41.39 41.06 40.27 41.00 41.90 
CaO trace nil 0.93 0.05 0.04 
Na2O = “S 0.01 0.05 
K.0 — i 0.03 0.02 
H:0+ 13.66 13.10 12.80 12.18 12.29 
H:O— 1.57 Tei2 0.08 0.04 
100.18 100.12 100.36 99.92 100.19 
Sources of data 
Analyst Reference 
(a) W. A. Deer Private communication. 
(b) O. von Knorring Brindley, G. W., and Knorring, O. von, (1954). Am. Mineral. 39, 794-804, 
(c) L. J. Larner Midgley, H. G., (1951). Min. Mag., 29, 526-530. 
(dy L. C. Peek Hess, H. H., Smith, R. J., and Dengo, G., (1952). Am. Mineral., 37, 68-75. 
(e) R. A. Howie Zussman, J., (1954). Min. Mag. 30, 498-512. 
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OLIVINE X-RAY DETERMINATIVE CURVE 


H. S. YopvER, Jr., Geophysical Laboratory, Coppi Institution 
of Washington, Washington, D.C. 
AND 
Tu. G. SAHAMA, Lnstitute of Geology, Helsinki, Finland. 


ABSTRACT 


The (130) spacing of 31 chemically analyzed natural olivines and seven synthetic 
olivines has been measured. A determinative curve has been calculated from 26 of the 
chemically analyzed natural olivines: : 


Fo (mol %) = 4233.91 — 1494.59 dso. 


The fictive end points are diso (Fo= 100) =2.7659 and dso (Fo=0) =2.8328. The error at- A 
tached to an individual measurement ranges from 3 to 4 mol per cent, depending on the = é; 


composition. 
Portions of the powder «x-ray diffraction patterns for synthetic forsterite and synthetic 
fayalite have been indexed. The cell constants, density, and molar volumes are given. 


INTRODUCTION 


The composition of members of the forsterite-fayalite series may be 
estimated by measuring the indices of refraction, 2V, or density in lieu 
of a chemical analysis. The index of refraction and 2V determinative 
curves of Poldervaart (1950, p. 1073) or Winchell and Winchell (1951, 
p. 500) are usually used for this purpose. Some prefer to use the index 
of refraction determinative curve of Bowen and Schairer (1935, p. 197) 
based on six synthetic olivines, and still others use the 2V tables of Tom- 
keieff (1939, p. 235), based on Winchell’s (1933, p. 191) earlier compila- 
tion. Bloss (1952, p. 974-975) gives a determinative curve based on den- 
sity, using 30 measurements from the literature. It is the purpose of this 
paper to present a curve for estimating the composition of members of 
the forsterite-fayalite series using powder x-ray diffraction data. 


METHOD OF INVESTIGATION 


Certain parameters in the structure of olivine vary with composition. 
These variations may be studied by measuring in a powder «x-ray diffrac- 
tion pattern either the absolute position of reflections or the separation of 
two reflections from olivines of known composition. The absolute position 
of a reflection may be determined by measuring the angular separation 
between the reflection of the olivine and the reflection of an admixed 
substance whose parameters are known. A plot of either of these data 
against composition provides a possible means of estimating the com- 
position of unknown olivines. 

The measurement of the absolute position of a single reflection was 
chosen on the basis of the following requirements. (1) A reflection of 
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TABLE 1. PowpeR X-Ray DrrFRAcTION DaTA FOR SYNTHETIC FORSTERITE (P-2) 


26 obs QoveX 108 AQX 105 hkl I d 


17.410 3,854 —6 020 26 5.094 
20.605 5,382 1 110 3 4.310 
22.915 6,640 =16 021 95 3.881 
23.900 7,214 5 101 39 3.723 
25.475 8,180 1 111 13 3.496 
25.620 8,272 —3 120 12 3.477 
29.865 (a1) 11,191 —3 002 41 2.989 
32.365 13,070 9 130 51 2.766 
35.775 15,875 2 131 > 100 2.510 
36.560 (a1) 16,583 —8 112 > 100 2.456 
38.345 (a1) 18,180 10 O41 18 2.345 
38.870 (a1) 18,661 —15 210 8 Dads 
39.755 19 453 8 122 50 2.267 
40.095 (a) 19 ,808 5 140 48 2.247 
41.825 (a1) 21,475 —31 211 33 2,158 
44.560 (a) 24,232 39 132 20 2.032 
46.800 (a1) 26,585 —1 042 8 1.940 
48.535 (a1) 28,471 0 150 10 1.874 
260s in degrees: CuKa A=1.5418 Q=1/d 
CuKa; \=1.54050 AQ=Qcate—Qobs 
d=interplanar spacing in A I=relative intensity based on arbitrary scale 


high intensity throughout the compositional range was sought for two 
reasons: (a) the intensity diminishes for certain wave lengths of x-radia- 
tion (e.g., Cu) with increasing iron content; (6) the amount of olivine in 
an unknown sample may be small and the intensity will be proportion- 
ally reduced. For a high intensity reflection, therefore, olivines need not 
be carefully separated. In fact it has been found possible to obtain a 
suitable x-ray pattern from a thin slab or a thin section (with cover glass 
removed) of some olivine-bearing rocks. (2) The reflection must be re- 
solved clearly from neighboring reflections throughout the range of 
composition and should be readily distinguishable from those of com- 
monly associated minerals such as plagioclase and pyroxene. (3) The 
reflection should vary continuously throughout the composition range, 
preferably uniformly, at a rate suitable for a precise estimate of the 
composition. 

The indices of the observed reflections in the low-angle region for a 
synthetic forsterite and a synthetic fayalite are given in Tables 1 and 2, 
respectively. The space group is Pbnm (Bragg and Brown, 1926), and the 


cell dimensions obtained from the powder x-ray diffraction data in Tables 
1 and 2 are: 
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Synthetic forsterite Synthetic fayalite 
a 4.756+0.005 A 4.817+0.005 A 
b 10.195+0.005 A 10.477+0.005 A 
c 5.981+0.010 A 6.105+0.010 A 


These values are in accord with those published by Rinne (1923, p. 236) 
and Winchell (1950, p. 14) for samples close to the end members. The 
density obtained from the cell volumes is 3.222 for forsterite and 4.392 
for fayalite. Bloss (1952) gives 3.217 and 4.36 for pure natural forsterite 
and pure natural fayalite, respectively. 

The above requirements appear to be satisfied for the most part by 
the (130) reflection. It may be noted that none of the adjoining pairs of 
intense reflections (e.g., 131 and 112) satisfies the conditions desired. 

The measurement of the spacing of the (130) reflection was performed 
in the following way. The sample was ground in an agate mortar under 
acetone, and about 10 mg. of the olivine powder was mixed with 1—2 mg. 
of pure silicon powder on a glass slide. A few drops of a very weak solu- 
tion of lacquer in acetone were added, and then the powder was stirred 
into a thin film on the slide. The slide was mounted on the Norelco 
Geiger-counter focusing diffractometer, and records were made on a scale 
of 1 inch per degree 20. The divergent and scatter slits were 1°, receiving 
slit 0.006 inch, and the scan speed was }° per minute. The positions of 


TABLE 2. PowpER X-Ray DIFFRACTION DATA FOR SYNTHETIC FAYALITE 


2800s Qobs X 10° AQX 10° hkl i d 
16.920 3,642 2 020 16 5.240 
20.245 5,197 24 110 8 ; 4.386 
22.365 6,328 —1 021 14 3.975 
23. ILS 6,987 6 101 7 3.783 
25.050 7,914 —10 111 75 S509 
29.260 10,735 —4 002 Ait 3.052 
31.620 12,491 18 130 100 2.829 
34.225 14,568 8 040 22 2.620 
34.975 15,195 =) 131 60 2.565 
3a-915 15,995 its 112 80 2.500 

I> 041 
37.340 17,244 a Oe 35 2.408 
38.300 18,108 43 210 18 2.350 
39.080 18, 824 62 140 35 2.305 
41.205 20,837 a 211 12 2.191 
43.650 23,259 —18 132 6 2.074 
2605s in degrees CuKa \A=1.5418 O=1 a? 
d=interplanar spacing in A AQ=Qeate— Qobs 


T=relative intensity based on arbitrary scale 


d Oe 
478 H. S. YODER, JR., AND TH. G. SAHAMA 


the olivine (130) reflection and the silicon (111) reflection were then 
measured to 0.005° 20 by a vernier rule. The following standard values of 
20 in degrees for the (111) reflection of silicon were used (Philips Labora- 
tories) : 


Ka Kay 
Cu 28.465 28.440 
Co Sey Wiss S55} 0) 


The position of the olivine reflection was corrected by means of the silicon 
reflection and the absolute value obtained. The d,39 values were calcu- 
lated using 7-place sine tables (Peters, 1918) and the wave lengths for Cu 
and Co radiation given by Bragg (1947, p. 27). 

Four to 12 records of natural and synthetic samples were made by 
Yoder, using Cu radiation in the region 33—28° 26. Five or six records of 
17 of the natural,samples were made using identical apparatus with Co 
radiation in the region 38-33° and measured independently by Sahama. 
These independent data permitted an estimate of operator error since 
the same sample of silicon powder was used and the same procedures 
were employed by both authors. 


DESCRIPTION OF SAMPLES 


Thirty-one analyzed natural and seven synthetic olivines were «x-rayed 
with the Si internal standard. The locality and source of the natural 
samples are given in Table 3. Chemical analyses of the natural olivines 
are listed in order of increasing Fo (mol %) content in Table 4. The source 
‘and reference to the synthetic samples may be found in Table 5. 

~The Mg,SiO, content, Fo, of the natural samples was calculated in 
the following way. The H;0, F, and alkalies were neglected and the re- 
maining oxides divided by their equivalent weights as given by Stevens 
(1946, p. 109). These equivalents are adjusted to equal the total of eight 
anion equivalents of the olivine structure. The resulting numbers are 
then divided by their respective valence to give the atoms per formula. 
The Fo content is obtained from the ratio Mg/X of atoms per formula 
X2SiO,. In the past the composition of an olivine has been given on the 
basis of its iron content, Fa, or if the manganese content, expressed as 
tephroite, is known and appreciable the composition is recorded as Fo,- 
Fa,Te-.. In view of the problems involving the oxidation of iron and man- 
ganese, it was considered more appropriate to give the composition in 
terms of the single-valued component, Fo. 

The natural olivines are usually of relatively simple composition 
(Fo+Fa>95%) and are, therefore, amenable to the measurement of a 
single parameter as an estimate of their composition. However, Ca, Al, 
Fe**, and Mn may enter the olivines in measurable amounts. Although 
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there appear to be narrow limits within which the first three atoms may 
substitute, Mn is known to form a complete series of solutions, fayalite- 
tephroite. For these reasons certain restrictions had to be placed on the 
composition of olivines used to construct the determinative curve. Only 
specimens whose analyses satisfied the following specifications of atoms 
per formula were considered suitable for a determinative curve: 

Si:  0.97-1.03 


XxX: 1 93-2 .04 
Mn: 00.03 


TABLE 4. CHEMICAL ANALYSES OF NATURAL OLIVINES 


Fo Theoret- 
mol £ pap 0.0 2.6 Bem Ouay eedte VatyaCt 92.3!) 99.7" ea HROLONIn ai ge 
S102 2ehS 30.08 30.15 29.96 30042  32085.4 31056 33677 34008 33072 °. 34004 
Ti02 neds 0.20 0.00 1.20 0.01 0.41 ned. 0.04 tr. 0643 
41203 nede 0.07 0.00 0.50 tr. 0.79 neds 0.00 nil 0.91 
Fe203 ned. 0.43 0.00 nil oO. neds neds 0.27 0.05 1.46 
Fed 70.52 68012 65202 63031 57062 58e6h 53064 7026 47030 = 7091 = 0037 
MnO 0.72 1.01 4.40 neds 0.85 0.56 4edk 0.65 OAL 0.68 
MgO neds 1.05 2.23 8.17 8.49 11.39 13.88 17.83 18.07 20.32 
Cao neds 2.18 0.10 1.32 0.18 0.85 neds 0.00 nil 0.81 
H30* ned. 0.00 0.18 ned. 0.16 0.05 neds 
0.88 0.48 0.05 
H207 nede 0.00 0.21 ned. 0.06 0.00 neds 
Total 100.00 99480 100.11 100.00 99462 100.13 99642 99693 100.22 100.16 99.11 
* % 53099 5506 6143 6262 6361 68.1 73.09 Tbok 78.0 80.6f 80.8 
S109 B53 35eQh * Bbe25. 36e28 “38512 997.76. 37633, 37.93... 38.07' 3853 1 O7e2h 
T4029 0.00 0.00 0.00 0.00 tr. 0.00 0.09 tr. 0.07 0.04 nil 
1203 0.00 0.00 0.14 0.10 nil 0.04 0.18 0.11 0.03 0.74 neds 
Fe203 1.70 1.99 0.64 0.00 0.15 0.40 1.60 0.02 0.01 0.67 nede 
Fed 36091 35018 = 32060) 32090) 310K = 27066 = 2058 = 21670 19095 = 16060 1692 
MnO 0.53 0.60 0.26 0.22 0.22 0.11 0.27 0.16 0.25 0.27 ned. 
MgO 25055 26039 3000K = 30675 30650 9 3he05 «= 3B e13 = KOKO 16200 4315 388 
Cad 0.00 0.00 0.12 0.05 0.02 0.16 0.38 0.17 0.27 0.00 1.26 
H20* 0.00 0.00 0.00 0.00 neds 0.00 0.17 ned. ee 0.00 Nede 
H207 0.00 0.00 0.00 0.00 neds 0.00 0.04 ned. 0.00 neds 
Cr203 0.00 0.00 neds Nede Nede ned. neds neds ned. neds neds 
P205 Nede Nede Nede Neds Nede ned. 0.09 ned. Neds Nede Nede 
Na20 Neds Ned. Node neds 0.03 Nede neds Nede Nede 
0.00 0.00 3 F : i 
K,0 Nede neds neds Neds 0.05 neds Neds Nede ode 
Total 100.00 100.00 100.05 100630 100.48 100-18 99694 100649 99688 100.00 99430 
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TABLE 4. CHEMICAL ANALYSES OF NATURAL OLIvinEs—(Continued) 
———————————————————————— eee nnn 


Theoret~ 
ce 856 -87eh B78 Bh 8B4CE 8909" 94. =e eT Sad 
TA pee Sen Oe a 2) Gy kt ee ree eee ee es SE ee ee es 
Si02 39-12 40.90 40.24 40.30 39-81 40.72 40.60 40.87 41.32 41.07 42669 
Tig 0.09 0.00 0.00 0.15 tre 0.12 0.00 0.02 0,01 0.05 
A1X3 0.58 0.25 0,01 0.25 nil 0.09 0.20 0.07 0.00 0.56 
Fe203 1.69 0.66 0.68 0.00 nil 0.10 0-96 0.00 0.30 0.65 
Fed 10.76 10.73 10.92 10.26 10.20 9ehS 8635 8.72 7Th9 3478 
MnO 0.16 0.20 0.28 0.09 0.13 0.13 0.16 0.15 0.15 0.23 
MgO 46.51 46.96 48,08 48.60 49203 49252 49460 49278 49056 5406 57231 
CaO 0.48 0.14 0.00 0.07 0.75 0.00 0.00 0.07 0.29 0,00 
H20* 0-21 0.06 0.00 neds 0.00 0.00 0.05 
0.33 0.05 0.60 

H207 0.07 0,00 0.04 0.04 0.02 0.04 0,00 
i ned. neds neds Neds ned. Neds ned Nede Nede 0.00 
r203 Neds neds 0,07 0.03 Nede 0.03 0.03 0.02 0.04 ned. 
P205 0.07 Ned. Nede ned. Nede Nede Ned. Neds Nede Nede 
NazO 0.15 neds 0.04 ned. 0.01 0.01 ned. 

0.00 0.00 0.00 : 
KO 0.06 Neds 0.03 neds 0.00 0.00 ned. | 
NiO neds ned. neds O-AL Nede Neds Ned 0.34 0.31 neds 
Cod Neds ned. ned. Nede ned. Neds Neds 0.013 0,011 neds 
Total 9995 99.90 100-632 100.56 99-96 100.21 99-94 100-11 100.09 100.45 100.0 


a. Corrected for an estimated 1% magnetite. 


b. Analyzed specimen was incorrectly referred to as EG4145 (Wager and Deer, 1939, p. 73). See Wager and 
Deer (1939, p+ 71) and Deer and Wager (1939, p. 23). 


c. Partial analysis. 

d. Corrected for estimated 0.75% ilmenite and magnetite. 

e. Corrected for estimated 2% analyzed titanomagnetite. 

f. Corrected for 1.6% analyzed clinopyroxene. 

g- Spectrographic determinations in p.psm. given by S. R. Nockolds: Cr, 1000; V, 5; Ni, 1750; Co, 120. 


h. Value for Al203 misprinted as 0.90, 


The following specimens were rejected on the basis of their chemical 
analyses: 


Mol % Fo Locality Basis for rejection 
80.8 Alice Springs, Australia low Si, high X 
32.3 Monroe, Orange County, N. Y. high Mn 

Dae! St. Utterviks Hage, Tunaberg, Sweden high Mn 


The rejected specimens will be reconsidered in the light of their (130) 
spacing below.! 


. 


1 It would be desirable to construct a determinative grid for the series forsterite-fayalite- 
tephroite based on dj39 and some other parameter (e.g., index of refraction, 2Vq, density); 
however, a sufficient number of suitable analyzed specimens were not available. It is note- 
worthy that the variation of di3o is unique relative to the nearly parallel variations of indices 
of refraction, 2V., and density. 
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RESULTS FROM NATURAL SPECIMENS 


The «x-ray data for the natural samples are given in Table 3 and the 
average values (the mean of the average for those x-rayed by each writer) 
are plotted in Fig. 1. 

Two points in the figure, in addition to two of those rejected on the 
basis of chemical analysis, are almost certainly subject to large error: 


Mol % Fo Locality 
40.0 East Greenland 1907 (1800 meters) 
63.1 East Greenland 4077 (500 meters) 


The first of these has been reexamined optically by Dr. I. Muir and he 
gives Fo=25-27 on the basis of indices of refraction (y=1.829) and 
2V.(60°). The value obtained from the x-ray measurement is Fo=30. 
Since there appears to be agreement between the new optical and x-ray 
determinations, the chemical analysis is believed to be in error and is re- 
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Fic. 1. Olivine x-ray determinative curve (solid line). Circles represent average d,3o for 
analyzed specimens used in calculation of determinative curve. Crosses represent those 
points rejected for reasons given in text. Dashed line is assumed linear variation of dio for 
synthetic olivines, usi>g experimentally determined end points. 
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jected. There are no obvious reasons for rejecting the chemical analysis 
of the second specimen. The writers have taken the liberty of excluding 
this measurement from the calculation of the determinative curve for the 
sole reason that it appears to be anomalous. 

Other problems arose in fitting a curve to the data on the natural speci- 
mens, and the writers are indebted to Dr. Felix Chayes for suggesting the 
following statistical analysis and making many of the computations. 

The first problem to arise involved the use of the data obtained by each 
writer on the same specimen. It was necessary to learn whether either 
group of averaged measurements was biased before they could be com- 
bined. The spacing data for those compositions x-rayed by both writers 
were plotted against each other. If there were no bias the best fitting 
straight line would be characterized by a slope not differing significantly 
from unity and an intercept not significantly different from zero (see 
Youden, 1951, p. 40-49). The following equations were obtained using 
first the spacings of Yoder (d,) and then those of Sahama (d,) as the in- 
dependent variable: 


d;=1.0105 d,—0.00117 
d,=0.9868 d.+0.00142. 


For the first equation the error of slope is 0.0140 and that of the inter- 
cept 0.00130. The errors for the constants of the second equation are 
0.0136 and 0.00127, respectively. Departures of slopes and intercepts 
from the expected values are thus insignificant in relation to error, and 
it is permissible to use the mean of the average d value of each writer. 
In a broader sense, the small differences between the two equations also 
indicate that analogous measurements by other investigators may be 
compared with those presented here in estimating the composition of 
unanalyzed olivines. 

Next, it was necessary to choose the independent variable, dizo or 
composition. The spacing was chosen as the independent variable for two 
reasons: (1) in the opinion of the writers the dj39 is known better than 
the chemical composition, which is based on only a single analysis of. 
each specimen, and (2) the spacing is to serve as the estimator of the 
chemical composition in the application of the determinative curve. 

The equation of the determinative curve for the data assembled in the 
above-mentioned fashion is 


Fo (mol %) =4233.91—1494.59 diso. 


The residual variance amounts to 0.34%, and, as there seems to be no 
systematic distribution of deviations, higher order terms are not justified. 
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The fictive end points are dizo0 (Fo=100)=2.7659 and dizo (Fo=0) = 


Z.G200" 
The upper and lower 95 per cent confidence limits are as follows: 


d True value, mol % Fo +95% confidence limits 
2.8328 0 1.65 
2.8194 20 125 
2.8061 40 0.88 
2.7994 50 0.74 
2.7927 60 0.69 
2.7793 80 0.76 
2.7659 100 1.08 


The confidence limits plot as gentle curves, which are closest to the de- 
terminative curve at its mean and furthest from it at the limits of the 
range. The strict interpretation of the confidence limits presupposes that 
dis subject to negligibly small random errors. As seen in the data tables 
the estimate of d is subject to measurable error. The standard deviation 
is 0.00084 A, and since the total range is only 0.0669 A this amounts to 
+2.45 mol per cent Fo. If the errors involved in the estimate of diz9 and 
the estimate of the true composition are added, the error attached to an 
individual estimate of composition, using the above determinative curve, 
is approximately +4 mol per cent near pure Fo or Fa and about +3 mol 
per cent in the vicinity of the mean, which lies near 64 mol per cent Fo. 


RESULTS FROM SYNTHETIC SPECIMENS 


The average dj3o for the three synthetic forsterite specimens and three 
synthetic fayalite specimens is 2.7661 and 2.8293, respectively. On the 
assumption that the variation of dj39 is linear throughout the composition 
range, the following determinative curve may be calculated: 


Fo (mol %)=4476.739—1582.278 diso. 


The validity of the assumption will be examined below. The curve is 
plotted as a dashed line in Fig. 1.2 


The di39 for synthetic tephroite is 2.8697. The value is included for use 
in determining the correction for olivines high in Mn. 


‘In the Annual Report of the Director of the Geophysical Laboratory (Abelson, 1954, 
p. 120) the fictive end points of the preliminary curve based on fewer data were given as 
d39 (Fo=100) =2.7660 and disp (Fo=0) =2.8326. 

® The synthetic intermediate olivines prepared by Bowen and Schairer (1935, p. 195— 
197), on which the optical determinative curves are based, could not be located. Only the 
unanalyzed, partially oxidized starting materials prepared in the gas furnace were found, 
and these gave broad multiple reflections. 
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DISCUSSION OF RESULTS 


Those samples rejected on the basis of their chemical analysis may 
now be reexamined in the light of their (130) spacings. The Alice Springs, 
Australia, specimen (Fo= 80.8) appears to have too small a spacing. The 
discrepancy cannot be attributed to the Ca or Mn (not determined) con- 
tent since the correction would have the wrong sign. The analysis is still 
regarded as incorrect. The Monroe, Orange County, N. Y., specimen 
(Fo= 32.3) was considered to have too high an MnO content (4.54%); 
however, the correction for Mn would be in the wrong direction. The 
olivine occurs with magnetite, and it is possible that inclusions of that 
mineral could account for too high an FeO content (Fe.O3 was not deter- 
mined). The St. Utterviks Hage, Tunaberg, Sweden, specimen (Fo=5.5) 
was also believed to have too high an MnO content (4.40%) to be suit- 
able for a determinative curve of the forsterite-fayalite series. When cor- 
rected for Mn, however, the spacing still gives a reasonable estimate of the 
Fo content. 

The two additional specimens rejected, East Greenland 1907 (Fo= 
40.0) and East Greenland 4077 (Fo=63.1), have (130) spacings which 
indicate high Mn content. The chemical analyses do not support this 
suggestion. 

The difference (0.0035 A) between the dj3o of synthetic fayalite and the 
fictive di39 for pure natural fayalite lies outside the precision of measure- 
ment and is of some concern. The fictive point represents a fayalite 
having 8.7 mol per cent tephroite or 6.0 weight per cent MnO, on the 
assumption that the (130) spacing of synthetic fayalite is correct. Since 
the chemical analyses of the natural samples were chosen on the basis 
of low MnO content, the source of the discrepancy must lie elsewhere. 
One possible, but improbable, explanation is that two forms of fayalite 
having slightly different properties exist (see Chudoba and Frechen, 
1943). The most likely explanation is that the cell dimensions are a func- 
tion of the temperature of formation. The synthetic fayalites were pro- 
duced at temperatures over 1000° C. Olivines having a high iron content 
are usually associated with lower temperatures. It is to be noted that 
there is close agreement between the (130) spacing of synthetic forsterite 
and the fictive (130) spacing for a pure natural forsterite. 


THEORETICAL RELATION OF dj39 TO COMPOSITION 


The practical problem of estimating the composition of most natural 
olivines by means of di39 appears to have been met. It is of interest to 
examine qualitatively why djso varies linearly, within the limits of error, 
with composition. 
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The construction of a compositional determinative curve for solid 
solution series from powder «-ray diffraction data was suggested and 
applied to certain cubic systems by Vegard (1921) and further applied by 
Vegard and Dale (1928). Vegard’s “law” stated that the cell dimension, 
do, varied linearly with composition. Deviations from linearity were con- 
sidered as a measure of the nonideality of the solid solution series. Grimm 
and Herzfeld (1923, p. 80) as well as Mehl and Mair (1928, footnote p. 65) 
and Zen (1956) pointed out that it is the atomic volume, do,*> which varies 
linearly in ideal substitutional type solid solutions. Further complica- 
tions arose when the “‘law’’ was applied to systems of lower symmetry 
since two or more parameters had to be considered. For these reasons 
Vegard’s “law” is now used only in special cases as an approximation. 

The forsterite-fayalite series has been shown in part to be thermo- 
dynamically ideal within the error of measurement by Sahama and 
Torgeson (1949) on the basis of heats-of-solution data. In addition, the 
present writers find that the molar volumes of natural olivines ‘calculated 
from the density data of Bloss (1952, p. 974-975) are essentially additive. 
(The molar volumes of synthetic forsterite and synthetic fayalite, 43.7 cc. 
and 46.4 cc., respectively, calculated from the unit cell data of Tables 1 
and 2, differ by only a small amount.) These observations suggest that 
the variation of cell parameters should not deviate greatly from the ideal 
values. 

There is, unfortunately, no unique way of predicting the changes of a 
specific cell spacing solely from knowledge of the additivity of molar 
volume. The cell volume, V, is related to the molar volume V,,, by a con- 
stant: 


where x= molecules per unit cell, W)>=Avogadro’s number, 6=density, 
M=molecular weight; and is related to the three parameters of the or- 
thorhombic cell by 


V = abe. 


On the other hand, the spacing of any (h&l) is related to the ortho- 
rhombic cell parameters as follows: 


he Re J2 \-12 
diet = (= “ee ae C 


a? b2 C2 


The relation of di39 to the cell parameters would then be 


oto Nee 
er |. 


If one notes that a/b is approximately the same for the olivine end mem- 
bers, then the change of dig) with composition is essentially a linear func- 
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tion of the parameters. It is presumed that the total change of each cell 
parameter is sufficiently small over the composition range so that their 
functions are closely approximated by straight lines. An examination of 
the Bunn chart (Bunn, 1946, p. 133) for indexing tetragonal powder pat- 
terns indicates that the variation of dj,: is essentially linear for small 
changes in the axial ratio. On the basis of these qualitative arguments the 
linear relation of di39 vs. composition appears reasonable. 

In conclusion, certain features of the «-ray method should be pointed 
out. The peak observed on an «-ray chart is a summation of the diffrac- 
tion of many crystals. If these crystals are variable in composition, as a 
result of zoning, for example, then a broad peak or even a multiple peak 
obtains. The x-ray method, therefore, gives an average composition in 
the same way as a chemical analysis, but in addition indicates in a crude 
way the range. On the other hand, composition determined by optical 
methods represents that of a small number of crystals, and some dis- 
crepancies between the results of the various methods are to be expected. 
Although the variations in the three cell parameters of natural olivines 
may not be sufficiently unique, it should be possible to determine com- 
position of crystals in the three-component system forsterite-fayalite- 
tephroite by means of powder x-ray diffraction patterns. It is more likely 
that a combination of methods, optical and x-ray, will provide a more 
practical estimate of composition of the complex olivines. 
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X-RAY FLUORESCENCE AS APPLIED 
TO CYRTOLITE 


Dorita A. Norton, Bryn Mawr College, 
Bryn Mawr, Pennsylvania. 


ABSTRACT 


Quantitative analyses of five samples of cyrtolite were made using x-ray fluorescence, 
and hafnium-zirconium ratios based on these analyses are given. Microscopic, autoradio- 
graphic, and x-ray difiraction procedures were coupled with the results of the «x-ray 
fluorescence analyses, and from the collective findings of these four techniques it was con- 
cluded that not all cyrtolites can be used for age determinations. 


INTRODUCTION 


X-ray fluorescence provides a rapid, comparatively simple technique 
for the analysis of a number of elements hard to determine by conven- 
tional wet chemical methods. It is nondestructive and may be relied upon 
for quantitative or semiquantitative determinations. Through the se- 
lection of suitable internal standards considerable refinement is possible. 

In view of the current interest in and the forthcoming importance of 
rare earths, it would seem worthwhile to investigate the possibility of 
applying the method of x-ray fluorescence to the analysis of complex rare 
earth minerals, particularly since precise wet analytical techniques are 
so difficult. 

A preliminary investigation of the rare earth mineral cyrtolite has 
* been made to see if «-ray fluorescence is capable of providing a satisfac- 
tory procedure, from the point of view of the mineralogist, for the quanti- 
tative analysis of complex rare earth mixtures. 

X-ray fluorescence curves for cyrtolite samples from five localities 
have been obtained, and the per cents of elements present have been 
calculated using three different internal standards. Hafnium-zirconium 
ratios based on these percentages are given for Spruce Pine, N. C. (C-1), 
Branchville, Conn. (C-2), Hybla, Ontario (C-3), Buffalo, Colo. (C-4), 


and Bedford, N. Y. (C-5). These localities are believed to furnish repre- 
sentative examples of cyrtolite. 


EQUIPMENT 


A basic North American Philips x-ray unit with a Philips electronic 
control and x-ray spectrographic attachment were used. A stabilized 
line current from the electronic control is fed into the basic x-ray unit 
producing 35KV at 27MA for operation of a Machlett tungsten x-ray 
tube. Uncollimated x-rays from the tube bombard the sample which is 
held stationary at a slight angle below the tube. The fluorescent x-rays 
produced are collimated to and diffracted by the cleavage planes of a 
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rotating lithium fluoride crystal (d= 2.014). Thus each wavelength is 
diffracted at a specific angle in accordance with Bragg’s law, detected by 
a Geiger-Muller counter, passed into a scaling circuit, and then to a 
Brown recorder. 


NATURE OF CYRTOLITE 


Cyrtolite, first noted at Bedford, N. Y., by Luquer (1904), is a zircon 
which contains uranium, thorium, and rare earths as well as the usual 
zircon constituents, zirconium, hafnium, silicon, and oxygen. It may 
range from crystalline to amorphous, and optically, the degree of amor- 
phousness is manifested by degree of isotropization. A single specimen 
exhibits a range of crystalline structure as shown by isotropic areas which 
grade into less isotropic areas, and finally into areas showing birefrin- 
gence. 

Since cyrtolites range from crystalline to amorphous, it is assumed 
that they originally possessed a definite crystalline structure which sub- 
sequently has been completely or partially destroyed. Cyrtolite, there- 
fore, falls into the category of metamict substances. 

The isotropization or metamictization of cyrtolite has been attributed 
to various causes. Broegger (1893) suggested that the cause of molecular 
rearrangement might be due to the complex nature of the cyrtolite mole- 
cule which was stable at P-T conditions under which it was formed, but 
which becomes unstable at later P-T conditions. Part of this instability 
might be due to the overcrowded nature of the molecule at lower P-T 
conditions, and part to the eight-fold coordination of Zr in cyrtolite 
(Machatschki, 1941), since Zr has an ionic radius which is near the limit 
of ranges associated with eight- or six-fold coordination. All metamict 
minerals contain either U or Th or both, therefore Hamberg (1914) sug- 
gested that the cause of metamictization was a-bombardment from 
within the mineral itself. The metamictization of cyrtolite is generally at- 
tributed to this latter reason, particularly since cyrtolite has a weakly 
ionic structure which would be readily susceptible to changes in state of 
ionization. To me it would seem that alteration must play some role as 
most metamict minerals contain rare earths as well as U and Th. 


DESCRIPTION OF CYRTOLITE SAMPLES ANALYZED 


The cyrtolite samples analyzed range in specific gravity from 3.09 to 
3.57. Hand specimens of all the samples are dark reddish brown with the 
exception of the one from Branchville which is blackish brown. With the 
exception of the Branchville sample which is entirely massive, the speci- 
mens all show typical zircon-like prisms. Towards the interior of the 
specimen the prisms grade into massive cyrtolite. 
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SAMPLE PREPARATION 


The samples used in this study were ground to 200-300 mesh. The 
ground portions were thoroughly mixed in the mortar, poured through a 
small funnel onto a piece of paper, and quartered to insure an even dis- 
tribution of the various grains. 

A cylindrical plastic sample holder 1.5 mm. deep with an inside di- 
ameter of 1.2 cm. and an outside diameter of 1.8 cm., containing 0.35 to 
0.45 g. of sample was used in each run. The powder is placed in the sample 
holder and is compacted slightly by moving a glass slide over the top of 
the plastic holder. This method produces approximately the same 
amount of compaction in each sample. 


PRELIMINARY ANALYSIS 
Calibration Curve 


Before any samples were analyzed a calibration curve was obtained by 
running the empty aluminum-lucite sample holder, thus determining the 
effect of the tube on any given run. For this and all succeeding runs the 
scaler was set at 8, the multiplier at 1.0, and the time constant at 8. All 
runs were done at the rate of $° per minute. 


Peak Heights 


Inasmuch as this study was intended to investigate the speed with 
which a rare earth mineral could be analyzed as well as the degrees of 
accuracy and reproducibility possible, peak height measurement rather 
than quanta counting was used. Peak heights were corrected for back- 
ground in the following manner. The unit was allowed to warm up for 
fifteen minutes before beginning an actual run. The background used for 
correction purposes was that which was recorded at 14°, the position at 
which each run was started. This background is subtracted from the re- 
corded peak heights thus giving corrected peak heights (PH?). 

After making several blank runs over a period of one to two weeks, it 
was found that the peak heights of the elements in the calibration curve 
were fairly constant (+ 2 units*). When actual runs are made, however, the 
peak heights of elements caused by the x-ray tube may vary as much as 


+10 units due to absorption effects of the elements in the sample to be 
determined. 


Qualitative Determinations 


Five samples of cyrtolite from various localities were scanned to de- 
termine qualitatively the elements present. All of the samples contained 


* One unit equals 0.1 inch on the charts used. 
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Zr, Hf, Fe, Y, U, and Th, and three of the samples contained various rare 
earths. The peak heights of iron (PH°) were corrected for tube contribu- 
tion as well as for background. This was done by subtracting the peak 


heights of iron on the calibration curve from the peak height of iron cor- 
rected for background. 


QUANTITATIVE DETERMINATIONS 
Choice of Internal Standard 
The elements found in the five samples of cyrtolite analyzed range from 


U (92) to Fe (26). To make a complete quantitative analysis it is neces- 
sary to use more than one internal standard, since the prime requirement 


TABLE 1 
Atomic No. Element Standard 
92 U 
Group I 90 Th 
83 Bi 
73 Ta 
72 HE 
71 Lu 
Group II 70 Yb 
68 1D3e 
67 Ho 
66 Dy 
41 Cb 
Group IIT 40 Zr 
39 we 
26 Fe 


for an element chosen as a standard is that its mass absorption coefficient 
be as close as possible to the mass absorption coefficient of the element to 
be determined and preferably should be higher. Elements of lower atomic 
number than the unknown will absorb fluorescent radiation strongly in 
the region of wavelengths immediately shorter than their K-absorption 
edge. 

The elements found in the five samples of cyrtolite have been divided 
into three groups, and an internal standard has been selected for each 
group (Table 1). 

Bi (83) was chosen as standard for Group I, since its atomic number is 
the closest practicable to 92 and 90. Ta (73) was used as internal standard 
for Group II, and Cb (41) as standard for Group III. 
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The strong peaks (Kay or Lay) of the three elements used as internal 
standards are not obscured by the peaks of the other elements in the 
sample. 


Procedure 


Since the matrix of the samples examined is fairly homogeneous, no 
synthetic mixtures were prepared in order to obtain intensity-percentage 
calibration curves. The procedure used is as follows. Five per cent by 
weight of each of the elements chosen as a standard was added to the 
powdered cyrtolite, the total weight of the mixture remaining constant 
at 0.45 g. The standard elements were in the form of a 200-300 mesh 
metallic powder (SP), thus corresponding to the mesh of the powdered 
cyrtolite. 

The mixtures were then subjected to primary tungsten radiation, and 
the fluorescent radiation was picked up and recorded as described in an 
earlier section. The elements were identified by the Bragg angles of their 
wavelengths, and corrected peak heights (PH*® and PH°®) were measured. 
Table 2 is given as an illustration. 


TABLE 2. STANDARDIZED CyRTOLITE, BEDFORD, N. Y. C-5 


26 Be ctee Ele- Atomic PH: ‘PHee 

ment No. Run 1 Run 2 Run 1 Run 2 
20.07 Kp, Zr 40 51.0 58.2 
20.57 Lp, U 92 152 13.0 
S* 24.40 Kay Cb 41 S2ql 41.8 
22.57 Kay This 40 200.0 255.0 
23.81 Kay We 39 28.2 32.0 
26.15 Lay U 92 16.6 18.2 
27.48 Lay Th 90 33.0 38.0 
S 32.97 Lay Bi 83 ia 13.0 
34.05 ly Hf 72 9.0 10.0 
38.45 LB. Hf 72 27.8 27.4 
39.25 LB; Hf 72 9.0 9.0 
39.90 LB, Hf dz 19.0 21.0 
S 44.40 Lay Fay 73 28.7 30.0 
45.90 Lay Hf 72 69.5 78.0 
47.40 Lay Lu 71 6.0 6.4 

51.75 Kp Fe 26 27.4 32.0 22.4 26.0 
52.60 Lay Er 68 6.5 7.0 
54.60 Lay Ho 67 Lh 1.4 
56.70 La; Dy 66 11.1 11.0 

57.49 Kay Fe 26 127.0 1Si-5 106.5 133.0 


*S represents lines of the internal standards. 
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The corrected peak height or intensity in the case of each of the 
standard elements was caused by 5% of the element. Percentages of the 
unknown elements were calculated as follows: 


PH: PH. 
%S GU 
(PHu*)(%S) 
v= 
%e PHY 


where 


PH,°=corrected peak height of unknown element (PH is used in the case of iron) 
PH.°=corrected peak height of standard 

%S=per cent standard element 

%U=per cent of unknown element. 


Two runs were made on each sample. The percentages found for each 
run along with the deviations between runs are given in Table 3. 


DISCUSSION OF PERCENTAGES 


The most accurate percentages given are those obtained when the 
atomic number of the standard element is one higher than that of the un- 
known element. Hf and Zr most nearly approximate this condition. 

In Group II the accuracy of the percentages decreases from Hf to Dy 
(Table 4). 

The percentages obtained for U and Th (Group I) are least accurate 
of all. This is because the atomic number of the element used as internal 
standard is not only some distance from 92 and 90, but also is below. The 
error in this case is due to two factors. 

(1) Bi absorbs much less of the total fluorescence radiation than do U 

and Th, since its mass absorption coefficient is lower. 

(2) Since the atomic number of Bi is lower than U and Th, Bi will 
absorb much of the fluorescence radiation produced by U and Th 
thus reducing their peak heights or intensity, and increasing 
its own peak height due to the additional secondary radiation pro- 
duced by the additional absorption. 

All of the total percentages calculated are less than 100%. This is be- 
cause elements such as Si, O, P, H, which are present in cyrtolite have 
such long wavelengths that they are totally absorbed by the air surround- 
ing the sample, and hence were not detected. 

Although minute flakes of galena were observed microscopically, no 
lead was detected by fluorescence analysis. The average amount of lead 
present in the Bedford cyrtolite is 0.37% (Muench, 1931). Due to strong 
absorption by U, Th, and Bi, the emission lines of such a small quantity 
of lead are not likely to be detected. 
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In his analysis of Bedford cyrtolite by wet chemical techniques 
Muench (1931) found that the average amount of uranium present was 
7.29%. The average amount detected by fluorescence analysis is 6.62%. 
Using wet chemical methods Muench found only traces of thorium, 
whereas the average amount of Th detected by x-ray fluorescence analy- 
sis is 14.17%. This large deviation may be attributed either to sample 
difference or the complexity of the analytical chemistry of thorium. 


TABLE 4 
Atomic No. Element Standard 
73 Ta 
72 Hf 
71 Lu 
Group II 70 Yb decreasing 
68 Er accuracy 
67 Ho 
66 Dy 


In Group III the accuracy of the percentages decreases from Zr to Fe 


(Table 5). 
TABLE 5 
Atomic No. Element Standard 
41 Cb 
40 Zr 
Group II 39 Vs decreasing 
26 Fe accuracy 


The amounts of uranium from the highest percentage to the lowest is 


C-2, C-5, C-3, C-1, C-4. The amount of thorium from the highest per- 
centage to the lowest is C-5, C-1, C-3, C-4, C-2. The amount of uranium 
and thorium in the same order is C-5, C-2, C-3, C-1, C-4. None of these 
orders would be expected to be the same as order of increasing overall 
crystallinity (C-1, C-2, C-3, C-5, C-4) since any attempted correlation 
would have to involve the age of the mineral as well. It is interesting to 
note, however, that the total amount of U and Th arranged in decreas- 
ing order bears resemblance to the amount of alteration arranged in de- 
creasing order (C-5, C-2, C-1, C-3, C-4). This suggests that at least some 
of the U and Th in cyrtolite is secondary. 
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TABLE 6 
Average Ratios Hf/Zr 
C-1 0.548 
C-2 0.416 
C-3 0.457 
C-4 0.399 


C-5 0.411 


HAFNIUM-ZIRCONIUM RATIOS 


Hafnium-zirconium ratios have been calculated on the basis of the 
percentages listed in Table 3. Average ratios are given in Table 6. All of 
these ratios agree with published hafnium-zirconium ratios for cyrtolite 
(Fleischer, 1955). 


DISCUSSION OF CYRTOLITE 


The samples were examined microscopically in thin section, and in all 
the slides two features were striking. (1.) Some parts of the mineral are 
more isotropized than other parts. In four of the slides (C-5, C-1, C-3, 
C-2) the isotropic areas grade outward into birefringent areas in a zonal 
fashion. In slide C-4 some of the isotropic areas bear definite resemblance 
to exsolution lamellae, and other areas are blotchy and irregular. (2.) All 

_ of the specimens have undergone alteration to a greater or lesser degree as 
shown by veinlets containing quartz, sericite, hematite, and uraninite 
(Kerr, 1935). Arranged in order of decreasing amount of alteration they 
are C-5,.€-2, C-1, C-3, €-4. 

X-ray powder photographs were taken to attempt to determine the 
overall crystallinity of the samples. The term ‘‘overall crystallinity” is 
used because different areas of the same specimen exhibit different de- 
grees of crystallinity. Arranged in order of decreasing overall crystallinity 
they: are-C-1, C-2, C-3, C-5, C-4. 

Autoradiograms were made from polished sections. These are shown 
in Figs. 1-5.* Three observations appear justified concerning the auto- 
radiograms. 

1. The radioactivity is not evenly distributed throughout the entire 
mineral as it would be if all the U and Th had been placed there in the 
original crystallization of the mineral. 

2. There are centers of radioactivity which are much more intense than 
the other radioactive areas. In C-1 and particularly C-2 they occur as 


* Enlargement is about ten times. 


X-RAY FLUORESCENCE AS APPLIED TO CYRTOLITE 501 


Fic. 1. Streaks due to uraninite (a) stand out in higher intensity superimposed on a ground- 
mass of irregularly radioactive cyrtolite (6). Also areas of non-radioactivity (c). 


Fic. 2. Veinlets of uraninite (a) stand out in higher intensity dissecting a groundmass of 
fairly regularly radioactive cyrtolite (b). Areas of non-radioactivity (¢). 
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Fic. 3. Many non-radioactive veinlets (¢) dissecting a groundmass of fairly homo- 
geneous cyrtolite (b). Two centers of radioactivity (@) are much more intense than the 
overall radioactive cyrtolite background. 


Fic. 4. This shows the non-homogeneous nature of the radioactivity, some areas being 


completely nonradioactive (c), some being moderately radioactive (b), and some being 
strongly radioactive (a). 
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Fic. 5. Non-radioactive veinlets (c) dissecting a fairly regularly radioactive ground- 
mass of cyrtolite (6). Also several centers of radioactivity (a) are much more intense than 
the general cyrtolite background. 


vein fillings. This too suggests that some of the uranium and thorium 
might have been metasomatically emplaced at a time later than the 
original crystallization. 

3. There are regions of non-radioactivity concentrated for the most 
part in distinct veins which cut the groundmass. 


CONCLUSIONS AND SUGGESTIONS 


In view of the evidence cited above, it seems justifiable to suggest 
that cyrtolites may fall into one of the following three categories. 

1. Cyrtolite in which all of the a-emitters (U, Th, and possibly Sm"”) 
have been placed in the structure during the original crystallization of 
the mineral. In this case, if the intrinsic stability of all cyrtolites can be 
regarded as a constant, which it probably is not, the amount of destruc- 
tion of the crystal lattice is a function of the total amount of a-emitters 
present and the age of the mineral. The amount of lattice destruction 
can be measured by thermal analysis, and if the total amount of a- 
emitters present can be determined, the age of the mineral can be calcu- 
lated (Holland and Kulp, 1950). 

2. Cyrtolite in which all of the a-emitters have been introduced sec- 
ondarily. In this case, metamictization might occur, but the degree of 
metamictization would not represent the true age of the mineral. 
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3. Cyrtolite in which part of the a-emitters have been placed in the 
structure during the original crystallization, and part by secondary in- 
troduction. In this case also, the degree of metamictization is not a func- 
tion of the true age of the mineral. 

This means that not all cyrtolites can be used for age determination. 
A possible way of selecting cyrtolites for age determination would be to 
take autoradiograms of thin slices of cyrtolite to see if the radiation 
effects are homogeneous. If there are any homogeneous areas at all, it 
might be possible to hand pick these areas and do age determinations on 
them disregarding the non-homogeneous areas. 

The method of x-ray fluorescence seems perfectly applicable to a min- 
eralogical study of cyrtolite and could be used in the study of other rare 
earth minerals. The degree of accuracy obtainable is, to a large extent, 
dependent upon the availability of the most suitable internal standard. 
Greater accuracy can be attained by using quanta counting instead of 
peak height measurement, but this process is very time consuming. Ele- 
ments with low atomic numbers can be accurately determined if a helium 
chamber and pulse height discrimination are used. 
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KITAKAMI MOUNTAINLAND, NORTHEASTERN 
JAPAN 
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Yamasaki, University of Tokyo, Tokyo, Japan. 


ABSTRACT 


Mineralogical and petrographical data for an aluminian ferroanthophyllite, a newly 
found variety of orthorhombic amphibole, unusually rich in iron and aluminium, are pre- 
sented. The aluminian ferroanthophyllite was formed in a hornfels derived from an iron- 
and aluminium-rich pelitic rock of the lower Permian system through the contact meta- 
morphism by the Téno granodiorite mass in the southern Kitakami mountainland, north- 
eastern Japan. Its chemical composition is represented by the formula 


(Ko.o1Nao.zaMgo.o.Mno.s1Fe!’4.40F e’’’0,35 Tio.oAli. 68) (Ali. 975i. 03) (Oni, 790 He.15F 0.06) 


which is very close to FesAlsSigAl2O22(OH)2. This is far from the composition field of the 
anthophyllite series (including gedrite) as determined from the existing data. The unit 
cell dimensions of this mineral are a=18.514, b=17.945, c=5.315; A, and its optical prop- 
erties are a=1.694, B=1.710, y=1.722, y—a=0.028, (—)2V=82°, X: pale green, Y: 
brownish green, Z: greenish blue. 

The existence of the continuous solid solution series between the aluminian ferro- 
anthophyllite, FesAleSigsAlxO22(OH)>2, and the usual anthophyllite is discussed. 


INTRODUCTION 


How many atoms of iron and aluminium can enter into the unit cell 
-of orthorhombic amphibole, i.e. anthophyllite (including gedrite), is an 
important problem. Many contributions to this problem were made by 
N. Sundius (1933) and others, whose chief interests, were directed, how- 
ever, to the relation between the anthophyllite and cummingtonite- 
grunerite series. J. C. Rabbitt (1948) and others have shown that almost 
all the data for what were considered to be iron-rich members of the 
anthophyllite series were erroneous. Only three reliable determinations 
have an atomic ratio Fe/Mg higher than unity (1.28 is the highest value). 

During the study of a metamorphic region in the Kitakami mountain- 
land, northeastern Japan, one of the writers, Seki, found an anthophy]- 
lite having unusually high refractive indices and strong pleochroism. The 
writers’ study have shown that this mineral is unusually rich in iron and 
aluminium, the composition being close to FesAlsSigAlsO2(OH)s. In this 
paper the writers call this mineral aluminian ferroanthophyllite and 
they believe that the description of this mineral adds important data to 
the study of orthorhombic amphiboles. 

The senior author is responsible for the petrographical and optical 
study, and the junior author for the chemical and x-ray portion. The 
detail of the petrology and geology of the metamorphic region are de- 
scribed separately by Seki (1957). 
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Mop oF OCCURRENCE 


In the southern Kitakami mountainland, northeastern Japan, the 
upper Palaeozoic formations are widely distributed. These formations 
were intruded by several salic plutonic masses in Mesozoic time. The 
Téno mass is one of the largest among these intrusives and is composed 
of hornblende-biotite granodiorite. Its contact aureole, 3 or 4 km. wide 
(Fig. 1), is divided into the following four progressive metamorphic zones 
on the basis of the mineral assemblages of pelitic hornfelses: 


Chlorite-sericite zone: chlorite, sericite, chloritoid and chiastolitic andalusite. 

Andalusite-biotite zone: andalusite, biotite and muscovite. 

Cordierite-almandine zone: cordierite, almandine, anthophyllite, andalusite, biotite, 
muscovite, spinel and corundum. 

Sillimanite zone: sillimanite, cordierite, almandine, biotite, muscovite, potash-feldspar, 
spinel and corundum. 


KitaKami 
mountainland 


Tono granodiorite 
mass 


Fic. 1. Geological sketch map of the Téno granodiorite mass and its contact aureole. 
The location of Fig. 2 is also shown on this map. 

Gt=T®6no granodiorite mass. 

M=Contact metamorphic aureole. 

Um = Miyamori ultramafic mass probably intruded after the emplacement of the Téno 
granodiorite and the formation of the associated metamorphic rocks. 
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Fic. 2. Map showing the distribution of aluminian ferroanthophyllite-bearing horn- 
felses, 


Gt=To6no granodiorite mass. 

Um= Miyamori ultramafic mass. 

Encircled crosses=Outcrops of aluminian ferroanthophyllite-bearing hornfelses. 

Crosses = Locations where only fragments of aluminian ferroanthophyllite-bearing horn- 
felses are found. 


Anthophyllite including the aluminian ferroanthophyllite here de- 
scribed is found only in hornfelses derived from slate and tuffaceous slate 
and belonging to the cordierite-almandine zone. 

The mineral parageneses of some anthophyllite-bearing hornfelses are 
shown in Table 1. In this table the optical properties of some minerals 
are also shown and the columns are arranged in the order of increasing 
refractive index y of biotite. 

It is seen in Table 1 and Fig. 3 that refractive indices of anthophyllite 
and cordierite generally increase with those of biotite. Anthophyllite, 
cordierite and biotite with comparatively high refractive indices are asso- 
ciated with spinel and almandine garnet. 

The host rock of the analyzed aluminian ferroanthophyllite is a horn- 
fels (Row 24 of Table 1; Sample number YS53041505) exposed on the 
western slope of Mt. Yakushi (618 m.) lying about 3 km. east of the vil- 
lage of Miyamori (Fig. 2). The hornfels is deep green, compact and mas- 
sive, and has porphyroblastic crystals of the aluminian ferroanthophyl- 
lite. It contains segregations, several millimeters wide, composed chiefly 
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TABLE 1. MINERAL PARAGENESES OF ANTHOPHYLLITE-BEARING HORNFELSES 
IN THE Contract AUREOLE OF THE TONO GRANODIORITE Mass 
ioti 2 3 EF 2g 
Sample Biotite Cordierite Anthophyllite oka ke ae s 3 
No. eg 4 3 E 2 EI = © 
| me 
¥ x (-)2V a 8 Y (—)2V 5 a Sim ca 5 §& (=) paar | 
1. Y¥S510 
81912 Sea he dSe ee Dd h P6325 | 1.645 | 1r651-)5 689) — ee 
2. YS510 
81612 | 1.600 | 1.538 | 74° n.d. mid. 12665 | 74° ag Si at SN aM be ta 
3. YS510 
81922 | 1.604 | 1.535 |68°-72°} 1.641 | 1.652 | 1.660] 72° | -—-.- — — + + + 4 
4. YS510 
81817 | 1.614 | 1.542 | 88° n.d n.d. | 1.661 | 70-819) — -— + — — + 4+ + 
5. ¥S520 
50711 | 1.616 | 1.542 74° 1.649 | 1.661 | 1.669 | 82° a i: eC ia Cie 
6. YS510 
81902 | 1.624 | 1.542 | 77°-84°| 1.656 | 1.670 | 1.678 | 71° = EE SR a see 
7. YS500 
81728 | 1.629 | 1.542 | nd 1.658 | 1.670 | 1.677 | 78° a ee eae eer sl Ge am oe 
8. YS530 
41415 | 1.630 | 1.551 | nd 1.660 | 1.672 | 1.681 | 699-7297) —- + + -—- — + 4+ 4+ 
9. YS510 
80705 | 1.630 | 1.548 | 88° n.d n.d. | 1.689 | 70° Se ho eee 
10. YS540 
42018 | 1.634 | 1.545 | 72° | 1.668 | 1.682 | 1.689] 74° | - —- + — — + 4+ + 
11. YS500 
50603 | 1.635 | 1.550 | nd 1.670 | 1.685 | 1.696] nd | —- + + — —- + 4+ 4+ 
12. YS501 
01410 | 1.638 | 1.552 | 82° | 1.668 | 1.682 | 1.689 | 807-829) — + + —- — + + 4 
13. ¥S540 
42001 | 1.646 | 1.554 | 74° | 1.676] nd. | 1.702] 74° |- + + —- + 4+ f+ 4+ 
14. YK540 
42226 | 1.653 | 1.558 | 64°-82°] 1.689 | n.d. | 1.717] 72° | + + - —- — + — 4 
15. ¥S540 
41417 | 1.654 | 1.553 | 75°-81°| 1.684] nd. | 1.711] 68° | —- + -—- —- —~ + 4+ 4+ 
16. YS530 
41437 | 1.655 | 1.553 | 88° | 1.680 | 1.692] 1.703} 74° | + + —- + + + + + 
17. YS530 
41223 | 1.657 | 1.558 | 80° | 1.690 | 1.708 | 1.714 |78°-8097 + + -— -— — + 4+ +4 
18. YS530 
41212 | 1.660 | 1.558 | 75° n.d. n.d. | 1.710 |68°-8277 + + + — + + + 4+ 
19. YS520 , : 
81231 | 1.659 | 1.552 | 64°-69°| 1.683 | f.692 | 1.705 [70°-807 + + + + —- + — + 
20. YS530 
41505A| 1.660 | 1.567 | n.d. | 1.694 | 1.709] 1.719] 70° | + + + —- + + -— + 
21. YS530 
41213 | 1.661 | 1.563 | nd. | 1.697 | 1.710 | 1.722} 68 | + + —- —- — +.— + 
22. YS530 
41501 | 1.664 | 1.564] nid. n.d, 7a ont a eae S| ee eS 
23. Y¥S530 
21405 od 66821) 12567) 649-699 #6942 15740-) 1.722 |, 82° 4 ee eh 
. ¥S530 
ts AISOS aEMOTIE ees Men NOse—r 5c] isOO4 Lov lO 1.1, 122) 82-84) oe a A ae 


Note: Analyzed aluminian ferroanthophyllite was separated from the hornfels shown in row 24. 
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of the aluminian ferroanthophyllite and chlorite. The aluminian ferro- 
anthophyllite also occurs as a constituent of the matrix. No appreciable 
difference in optical properties is observed among the amphiboles of dif- 
ferent modes of occurrence. 

The porphyroblasts are in radiating forms attaining 1.3 cm. in length, 
and usually free from dusty inclusions of magnetite and graphite which 
are abundant in the crystals of the matrix. The matrix of the hornfels is 
composed of fine grained crystals of andalusite, cordierite, aluminian 
ferroanthophyllite, garnet, biotite, muscovite, spinel, plagioclase 
(Abs7Angs), quartz, magnetite and graphite. Except garnet which some- 
times reaches 1.4 mm. in diameter, these minerals are too fine grained to 
be distinguished from each other with the unaided eye. 

The Fe’’/Mg+Fe”’ of the cordierite, estimated from its optical prop- 
erties (Row 24, Table 1) using the diagram given by A. Miyashiro (1957, 
Figs. 2 and 3), is 0.80. This value is much higher than 0.582 for the 
cordierite described by H. H. Read (1929) which is the richest in iron 
among the cordierites ever described from metamorphic rocks. Such iron 
rich cordierites have been described only from pegmatites (H. Shibata, 
1936). 

Optical and chemical properties of the garnet are as follows: n= 1.820 
+0.003, MnO=0.42%, FeO=35.41% (by weight). 

Spinel, dark green in color, is always separated irom quartz by a rim 
of cordierite, muscovite, biotite, and plagioclase. 

The aluminian ferroanthophyllite in the segregation veins is associ- 
ated with chlorite having the following optical properties: 


a=1.654+0.002 (—)2V=very small 

B=1.660+0.002 X: pale yellow 

y=1.662 +0.002 Y: dark olive green 
y—x=0.008 Z: dark olive green 


The x-ray powder diffraction data of the chlorite are as follows (Fe radia- 
tion): 


hkl if 6 

001 20 3.94 
002 100 7.90 
003 25 11.90 
004 70 15.97 
005 10 20.06 


Judging from these data the chlorite can be called thuringite. 

The hornfels was analyzed by H. Kido (Table 2a). The rock is unusu- 
ally rich in iron and aluminium. It is derived from pelitic rock of lower 
Permian. The lower Permian pelitic rocks of the southern Kitakami 
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Tasue 2. (a) CHEMICAL COMPOSITION OF THE HORNFELS (SAMPLE YS530 41505, TABLE 1) 
CONTAINING THE ANALYZED ALUMINIAN FERROANTHOPHYLLITE 
(b) CuemicaL Composition or A Prxitic Rock OF THE LOWER PERMIAN 
System IN THE KirTAKAMI MOUNTAINLAND. ANALYZED BY H. Kipo 


(a) (b) 

SiO» 51.81 SiOz 50.72 
TiO» 0.12 TiOz n.d. 
Al,Os 27.87 AloO; 24.01 
Fe.0;| FeO; vf 5 Za 
FeO { eae FeO 10.02 
MgO 1.16 MgO 0.98 
CaO 0.57 C20 0.97 
Na.,O 0.35 NazO 0.81 
K20 0.41 K,0 1.21 
HLO+ 0.16 Ig. Loss 4.11 
H.0— 0.57 

= - Total 100.04 
Total 100.73 


mountainland are occasionally rich in magnetite, probably of the detrital 
origin. An unmetamorphosed pelitic rock of the lower Permian, rich in 
iron and aluminium, was also analyzed (Table 20). The richness in iron 
and aluminium and the poorness in magnesium and alkalies, especially 
of potassium, in the original pelitic rock, probably favored the forma- 
tion of the aluminian ferroanthophyllite, spinel and almandine garnet. 


MINERALOGICAL DESCRIPTION 


Separation 


The rock containing the anthophyllite with the highest refractive 
indices (YS53041505, Row 24 in Table 1) was crushed and the porphyro- 
blasts were picked out under a magnifying-glass. By means of the iso- 
dynamic separator and heavy liquids, impure materials were removed, 
except a very small amount of thuringite and graphite. The thuringite 
could be eliminated by acid, but the writers did not do this as it might 
have affected the aluminian ferroanthophyllite itself. The effect of the 
contamination by graphite is negligible. 


X-ray diffraction data 


The x-ray powder diffraction data of the aluminian ferroanthophyllite 
were obtained by means of the Philips Geiger counter x-ray diffractome- 
ter using Fe radiation. Thirty-one peaks between 6° and 32° in angle @ 
were indexed on the basis of an orthorhombic unit cell with following 
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dimensions: d@)= 18.514, 69 =17.945, co=5.3155 A. The data are listed in 
Table 3. Silicon powder was used as an internal standard. As this mineral 
is rich in iron, the peaks of the diffraction pattern are generally not so 
sharp as those of magnesian amphiboles. However, the difference between 
the observed and calculated values of angle @ does not exceed 0.02°. The 
result is in harmony with the symmetry of Puma and almost all of the 
indices of the peaks in Table 3 correspond to those given by K. Johans- 
son (1930). The figures of the unit cell dimensions do not show any re- 
markable differences from those given by many authors for the cell 
dimensions of ordinary anthophyllites, in spite of a remarkable difference 
in chemical composition. 

Oscillation photographs about the ¢ axis were taken by T. Iiyama us- 


Mg, Al, SiAl, O,, (0H), Fe, AL Si,Al,0,,(OH), 


tnt 


oe : 
Al Al Cas Al Al 
ye oa 
| as | 
Si Mg ats Si Fe 
& is 
4 Grunerite | 
Mg_Sig0,,(OH), Mg eto Fe Si,0, (OH), 


Fic. 4. The composition field of the anthophyllite series (including gedrite). The 
hatched area with full lines is determined from the data quoted by Rabbitt (1948). The 
area with broken lines is the possible field for this series. The field for the cummingtonite- 
grunerite series is also shown. In this diagram and also in Fig. 5 the point for each antho- 
phyllite is plotted so that the degrees of the two ion substitutions, (Mg,Fe)Si=AlAl and 
Mg=Fe, can be read from the vertical and horizontal axes, respectively. These diagrams 
should not be mistaken for ordinary square diagrams (Winchell, 1951, p. 7) in which the 
components at the corners would be 5Mg;SisO22(OH)>, 5Fe7SisO22(OH)2, 7MgsAlSigA]2Ox 
(OH): and 7F esAl2SigAl2O22(OH) 2. 
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TABLE 3. X-RAY PowpER DIFFRACTION DATA OF THE ALUMINIAN FERROANTHOPHYLLITE 
FROM THE KiTAKAMI MOUNTAINLAND 


Angle @ for Fe radiation 
Index Intensity 
Observed Calculated 

B(210) 23 6.13 6.13 
020 12 6.21 6.19 
210* 100 6.76 6.76 
230* 3 aa, i i 
400 10 12.07 12.07 
040* 6 12.47 12.46 
420* 4 13.63 13.61 
131% 3 14.45 14.43 
231 () 15.38 L5RSit 
B(440) 5 15.84 15.84 
8(610) 16 16.77 16.77 
440* 21 17.50 17.49 
610* 76 18.56 18.56 
BPA Be 5 19.65 19.66 
260 3 19.89 19.88 
PASM Mee 6 19.98 19.99 
630* 3 20.67 20.67 
Sole 9 21.20 2L 18 
161* 9 22.04 22.03 
202* 8 DD EN D2 
451* 9 DOTS 22.76 
302* 3 23.37 23.36 
650 3 24.44 24.44 
SOL 4 24.68 24.67 
502* 5 26.64 26.64 
561* 3 27.01 27.01 
661* 4 29.10 29.09 
joie 3 29.32 29.32 
670 3 29.41 29.40 
702* 4 31.10 31.09 
931 4 31.99 32.00 


* Reflections given by Johansson (1930). 
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ing Fe radiation. The photographs provide a strong support for the idea 
that the crystal is orthorhombic. The upper and lower halves of the 
photographs separated by the zero-layer line show mirror image relation 
to each other. This fact indicates that the crystal has a symmetry plane 
perpendicular to the c axis. Thus not only the powder diffraction method 
but also the single crystal rotation method show that the crystal has 
orthorhombic symmetry. 

In the powder diffractogram two peaks corresponding to 6=7.90 and 
15.96 cannot be indexed as reflections from the aluminian ferroantho- 
phyllite. They represent reflections from 002 and 004 of thuringite oc- 
curring as impurity in the aluminian ferroanthophyllite. These peaks 
disappear completely after treating the sample in hot dilute hydrochloric 
acid for half an hour. In the rotation photographs about the c axis the 
spots corresponding to the reflections of the basal planes of thuringite are 
observed on the zero-layer line. These facts taken in conjunction with the 
microscopic observation show that the thin flakes of thuringite are ar- 
ranged with their basal plane parallel to the cleavage plane of the alumin- 
ian ferroanthophyllite. 


Chemical composition 


The separated sample of the aluminian ferroanthophyllite containing 
a small amount of thuringite was chemically analyzed by H. Haramura 
and its fluorine content was determined by M. Kamada. The results are 
given in Column A of Table 4. 

In order to eliminate the effect of the contamination of thuringite, 
whose amount was estimated as 6% by weight of the analyzed sample, 
the chemical composition of the corresponding quantity of a thuringite 
from Steiermark (Hédl, 1941, p. 30) having optical properties similar to 
those of the thuringite in the analyzed sample, was subtracted from the 
bulk chemical composition. In Table 4, the chemical composition of the 
Steiermark thuringite is shown in Column B, and the calculated com- 
position of the pure aluminian ferroanthophyllite is shown in Column C., 
The chemical composition of thuringite and the aluminian ferroantho- 
phyllite are so similar and the quantity of the thuringite inclusions is so 
small, that the difference in chemical composition between the included 
and the Steiermark thuringites can be ignored. 

In Table 5 are shown the atomic ratios of the aluminian ferroantho- 
phyllite calculated on the basis of (O, OH, F) = 24. The aluminian ferro- 
anthophyllite is unusually rich in iron and aluminium and is approxi- 
mately represented by the formula FesAl2SigAl2O22(OH)2. 
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TaBLE 4. CHEMICAL COMPOSITIONS OF THE ALUMINIAN FERROANTHOPHYLLITE IN THE 
HORNFELS FROM SOUTHERN KirAKAMI MOUNTAINLAND, AND OF 
THURINGITE FROM STEIERMARK 


A B G 
SiO. 37.01 20.45 38.41 
Al.Os 19.47 18.32 19.72 
TiO 0.45 — 0.48 
FeO; Deol 8.46 2 2 
FeO 3501 37.78 33.54 
MnO 2.16 0.26 DOO 
MgO 0.19 2.69 0.03 
CaO 0.03 = 0.03 
Na,O 1.08 — 1.16 
K:0 0.04 —_— 0.04 
H.0+ 2.63 11.78 2.06 
H,O— 0.48 — — 
F 0.12 —_— 0.13 
—O=F, 0.05 — 0.06 
Total 99.57 99 .92 


A: Chemical composition of the impure sample of the aluminian ferroanthophyllite con- 
taining 6% of thuringite impurity. Analyzed by H. Haramura and M. Kamada. 

B: Chemical composition of thuringite from R6tzgraben, Steiermark (H6dl, 1941). 

C: Chemical composition of the aluminian ferroanthophyllite calculated from A and B. 


TABLE 5. THE Atomic RATIO OF THE ALUMINIAN FERROANTHOPHYLLITE 
CALCULATED ON THE Basis or (O, OH, F) =24 


Chem. comp. Mol. prop. Atomic ratio 
SiO» 38.41 6395 Si 6.03 8.00 
Al;O3 19.72 1936 Al 10am 
TiOz 0.48 60 Al 1.68 
Fe,03 Zea 138 Ti 0.06 
FeO 33.54 4669 Bens 
MnO 2.30 324 Fe’’ 4.40 
MgO 0.03 7 Mn  0;3177715 
CaO 0.03 5 Mg _ 0.01 
Na.O 1.16 174 Ca 0.00 
K;0 0.04 4 Na 0.33 
HLO+ 2.06 1144 K 0.01 
F 0.13 68 OH 2 ls 
—O=F; 0.06 F 0.06 
Total 99 .92 
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Optical properties 


The optical properties of the aluminian ferroanthophyllite are as fol- 
lows: 


a=1.694+0.002 (—)2V=82°, r<v 

8=1.710+0.002 X: pale green 

y= 1.722 +0.002 Y: brownish green 
y—a=0.028 Z: greenish blue 


M. Hey (1956) gave a set of partial regression equations for the refrac- 
tive indices of anthophyllite. If we calculate the refractive indices of the 
aluminian ferroanthophyllite using the equations, the result is a= 1.7034, 
8=1.7036, y=1.7193. The deviations of these figures from those ob- 
served are probably due to the great difference in composition of the 
aluminian ferroanthophyllite from those used in deriving the equations. 


Density 


The density of the mineral is 3.56. as determined by suspending it in 
Clerici’s heavy solution. The calculated value of the density based on the 
unit cell dimensions and the chemical composition is 3.56. 


DISCUSSION 


In orthorhombic amphiboles two kinds of ion substitution are im- 
portant. One is the replacement of Mg by Fe and the other that of (Mg, 
Fe)Si by AIAl. From the existing data it appears that Al replaces Si up 
to a limit of two in eight ions, forming a partial solid solution series. Thus 
the composition of the orthorhombic amphiboles, i.e. the anthophyllite 
series, can be expressed as a solid solution composed of the following four 
components: 

Mg7SisO22(OH)2 (magnesioanthophyllite) 
Fe7SisO22(OH):2 (ferroanthophyllite) 
Mg;AleSisAl2022(OH)2 
FesAlsSigsAl2022(OH)2 


The last two components represent the maximum replacement of Si by Al. 

The diagram (Fig. 4) is constructed to show the composition field of 
the orthorhombic amphiboles, placing the above four components at the 
corners. The data used are those collected by J. C. Rabbitt (1948). The 
chemical composition of the aluminian ferroanthophyllite described in 
this paper is very close to the corner of FesAl2SisAl2022(OH)2 and is far 
off the composition field of the ordinary anthophyllite. The orthorhombic 
amphibole having the chemical composition of ferroanthophyllite proper, 
poor in aluminium, has not yet been found. The only amphibole having 
this composition is monoclinic grunerite. According to P. Eskola (1950), 
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the fields of the grunerite-cummingtonite series and anthophyllite series 
overlap with each other at least within a range of Fe’’/Mg+Fe’’ =0.31— 
0.40 with little aluminium. 

Judging from their optical properties, many anthophyllites listed in 
Table 1 have chemical compositions which fall between the analyzed 
aluminian ferroanthophyllite and the usual anthophyllite. Thus there 
exists a continuous solid solution series between them. Anthophyllites 
close to Mg;AloSigsAl2O22(OH)» have not been found yet. But it is possible, 
if not probable, that a continuous solid solution series exists throughout 
the area of the diagram except in the iron rich part of the cummingtonite- 
grunerite series as has been suggested by Sundius (1933). 

A. N. Winchell (1951, p. 427) constructed a diagram which shows the 
relation between the refractive index y and the chemical composition of 
the anthophyllite (gedrite) series rich in magnesium. He expressed the 
solid solution using the above four components as end members. Fig. 5 
shows a diagram which extends Winchell’s diagram to the field rich in 
iron and aluminium. The lines for the refractive index y are located by 


Mg,Al, Si,Al, 0,,(OH) Fe, Al, Si,Al,O, (OH), 


Mg. Si,0,,(OH), Fe, Si,O, (OH), 


Fic. 5. Relation between optical properties and chemical composition of the 
anthophyllite series. See the explanation of Fig. 4. 
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means of interpolation. In this diagram is also shown the relation be- 
tween the amount of double refraction and the chemical composition. 
The amount of double refraction is minimum in the intermediate range 
of the (Mg, Fe)Si-AlAl substitution. No systematic relation is found be- 
tween the chemical composition and the optic axial angle. 

The name ferroanthophyllite was first used by E. V. Shannon (1921) 
for a mineral erroneously determined as an iron rich variety of antho- 
phyllite. A. N. Winchell (1933) called the hypothetical iron end member 
of the anthophyllite series ferroanthophyllite and the type high in alu- 
minium gedrite. However, according to the system of nomenclature pro- 
posed by W. T. Schaller (1930), the name gedrite which represents a 
member of a partial solid solution series should not be used. The atomic 
ratio Al (in tetrahedral position):Si of the amphibole described in this 
paper is not greater than unity. So it is appropriate to call this amphibole 
“aluminian ferroanthophyllite.” 
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CRYSTALLOGRAPHY AND X-RAY MEASUREMENTS OF 
HOWLITE FROM CALIFORNIA 


JosEpH Murpocu, University of California, Los Angeles, California 


ABSTRACT 


Macroscopic crystals of howlite, HsCa2SiB;O,,, have been found encrusting massive 
material at the old Sterling Borax mine, Tick Canyon, California. These have been meas- 
ured on the reflecting goniometer and studied by x-ray methods. The crystals are tabular in 
habit, up to one millimeter across, and are usually attached by one end of the symmetry 
axis. They are monoclinic, with {100} dominant, {001} and {011} well developed on all 
crystals. Occasional faces in the orthodome zone, such as {104} or {102}, are present but 
narrow and often in poor position. 

X-ray examination confirms the monoclinic symmetry and yields crystallographic ele- 
ments which are entirely satisfactory. Weissenberg rotation and layer line photographs 
about ¢ and 6 give the following cell dimensions and beta angle. 


a= 12.93 A, b)=9.34 A, co=8.60 A, B=104°50’ 


Systematic extinctions place the crystal in space group P2:/c(C2°). Powder photograph 
lines have been indexed down to 1.495 A. Strongest lines and their intensities are as fol- 
lows: 6.20, I=10; 3.90, I=8; 2.036, I=7. 


Fic. 1. Typical crystal habit of howlite. 


The mineral howlite, HsCa2SiB;Ou, has been recorded from a number 
of localities in California and elsewhere, Palache ef al .(1951) p. 362, and 
microscopic crystals have been described by Larsen (1921), p. 87, but 
in general the mineral is massive and very fine granular. Recently how- 
ever, the writer has been fortunate enough to find crystals of reasonable 
size at the Sterling Borax mine in Tick Canyon, Los Angeles County, 
California. These crystals are tabular in habit, in some instances as much 
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as one millimeter in largest dimension, and well formed. They have been 
measured on the reflecting goniometer, and have also been studied by 
powder and single crystal x-ray methods. The larger crystals are always 
singly terminated, but some of the smaller ones are essentially complete. 
They occur on some of the less solidly massive cauliflower-like aggregates 
of howlite, often closely associated with finely crystalline bakerite, which 
appears to be usually somewhat earlier. 

Measurements on selected crystals show that the mineral is monoclinic, 


OOo| 


seers 


Fic. 2. Optical orientation of howlite. 


and normally attached on one end of the symmetry axis. Crystals are 
tabular parallel to {100} and terminated by {011} which gives them a 
sharply pointed aspect. The basal pinacoid bevels {100}, and is compar- 
able in size to {011}. These forms are present on all crystals, but occa- 
sionally others, such as {101} {102} or {104}, appear. These are narrow 
and often not in very good position. Fig. 1 shows the typical crystal habit. 

No pyramid or prism faces were observed, and thus the only crystallo- 
graphic element determinable is 8, with an average value (calculated from 
numerous good quality measurements of {001} and {011}), of 105° 20’. 
The measurements confirm Larsen’s determination of monoclinic sym- 
metry, although the direction of elongation appears to be 6 rather than c. 

Indices of refraction agree closely with Larsen’s values. The mineral is 
biaxial, optically negative, and 2V as determined on the universal stage, 
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is close to 73°. Determination of the optical orientation shows that 
X=6, and Z/\c=51° + (see fig. 2). The accompanying angle table (Table 
1) has been calculated, mainly from «-ray data, for the observed forms 
and gives values in good agreement with the measured goniometric an- 
gles. 


TABLE 1 


Monoclinic, space group P2i/e ao 12.93 A 69.34A oc 8.60A 
a:b:¢=1.3486:1:0.9207 B=104°50’ 
Po? qo: 1=0.6651:0.8901:1 p=75° 10’ 
ro? pot 1=1.123:0.7472:1 
Po’ =0.6880  go’0.9207 x9’ = 0.2648 


Form fo) p 2 p2=B (; A 
001 90° 00 14° 50 75° 10 90° 00 — (eG 
100 90° 00 90° 00 0° 00 90° 00 75° 10 -— 
O11 16° 03 42° 38 75° 10 48° 24 40° 37 TDeetO 
106 90° 00 23°35 66° 25 90° 00 8° 45 66° 25 
104 90° 00 ZEST 62° 23 90° 00 12° 47 62° 23 
102 90° 00 38° 02 51°58 90° 00 2ave2 51° 58 
101 90° 00 52°25 32-35 90° 00 37235 32° 35 
403 90° 00 58° 38 31°22 90° 00 43° 48 SHS 2 


X-Ray STUDY 


X-ray powder patterns were made from the massive material of the 
“cauliflowers”’ and from the larger crystals of the crust. These show en- 
tire agreement with each other and with the pattern of Nova Scotia how- 
lite (A.S.T.M. card No. 4.0170). Table 2 gives measured spacings, in- 
tensities and indexing. 

Single crystal study included rotation photographs about the 6 and ¢ 
axes, with equator, first- and second-layer line Weissenberg photographs 
about each direction. The crystals could be easily and accurately ori- 
ented, and the resulting films show them to be single individuals. Twin- 
ning was not observed on any crystal. From these photographs, taken 
with copper radiation (A= 1.5418 A) and nickel filter, the following data 
were derived by measurement and calculation: symmetry monoclinic, 
with systematic extinctions (00/), (A0l), (ORO), with / and k odd, leading 
to space group P2;/c (C2°) 

ao=12.93 A, bo=9.34 A, co=8.60 A, p=75°10’ 


The value for dy is the average from three layer lines of the rotation 
photograph, plus the calculated value from (020) on the zero level film. 
The value for co is the average from four layer lines of the rotation 
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TABLE 2. X-Ray ParreRN OF HowtitE, STERLING BoRAX MINE, 
Tick CANYON, CALIFORNIA 


Copper radiation, nickel filter, \=1.5418 A 


hkl d th hkl 


a | 
~ 


12.4 4 100 2.18 3 240, 511, 141 
6.2 10 200, 011 2.16 3 241,611 
5.24 } 210, 111 2.069 5 004, 600, 241 
4.95 3 211 2.036 7 610, 340, 341 
4.65 } 020 2.010 2 531, 242 
4.35 3 120 1.975 3 621, 502 
4.13 4 002, 300, 021, 211 1.927 3 622, 620 
3.90 8 310, 311, 112 1.895 2 441, 512, 433 
3.78 } 220 1.859 1 150, 440, 702 
3.647 3 2h “4,841 4 711, 150 
3.099 9 400, 321, 202, 411 1.794 5 700, 151, 631 
3.017 3 130, 222 1.764 2 710, 342, 621 
2.93 4 410, 131,031 1.647 1 351, 711 
2.86 1 402, 122 1.530 3 061, 702, 352 
2.79 1 230, 131 1.496 1 260, 641 
2.74 1 321, 231 1 479 4 
2.656 2 302, 421 1.387 2 
2.58 1 420, 231, 222 1.344 3 
252 1 500, 331 £313 2 
2.45 4 502, 232 1.213 1 
2.35 4 040, 421 1.190 1 
2.29 3 140, 402 1.022 z 
2.248 3 422,042 


photograph, plus calculated values from (002), (004), and (006) of the 
zero level film. 

The value for do is the average of fourteen measurements of six orders 
of (00) from the Weissenberg films. 

The powder pattern was indexed using the above cell-dimensions. 

The writer wishes to express his thanks to his colleague, Professor 


Cordell Durrell, for assistance in determining the optical orientation of 
howlite. 
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THE NATURE OF IDDINGSITE IN SOME BASALTIC 
ROCKS OF NEW MEXICO* 


MING-SHAN Sun, New Mexico Bureau of Mines and Mineral 
Resources, Socorro, New Mexico 


ABSTRACT 


No description of iddingsite has demonstrated that it has a definite chemical composi- 
tion or optical properties. It has been identified largely on the basis of its association with 
remnants of olivine or as pseudomorphous replacement aggregates. A study of many rocks 
from New Mexico and some from Colorado containing iddingsite show varying degrees of 
alteration of olivine which is believed to be largely accomplished in the deuteric stage, 
and may or may not be continued in the weathering process. The alteration of olivine to 
iddingsite occurs largely in basaltic rocks whose modal proportion of olivine exceed their 
normative proportion of olivine because of fractional crystallization. 

Study of iddingsite samples from New Mexico and Colorado by the «-ray. powder 
diffraction method shows that goethite is the only crystalline phase and that the other 
substances shown by chemical analysis to occur in iddingsite are largely amorphous. Id- 
dingsite in this case may therefore be regarded as a complex alteration product of olivine 
rather than a true mineral. 


INTRODUCTION 


Iddingsite is common in rocks of andesitic and basaltic composition in 
New Mexico (Fig. 1) as an alteration product of olivine. Usually it is 
associated with various amounts of remnant olivine. One sample from 
Carrizozo, New Mexico, shows that many olivine grains have completely 
altered to iddingsite. Usually iddingsite is identified by its brown color 
and by its association with remnant or as pseudomorphous replacement 
aggregates of olivine. In other words, if there is some brown material al- 
tered from olivine in andesitic or basaltic rocks, it is usually called idding- 
site. 

Iddingsite was named by Lawson (see Ross and Shannon, 1925) as a 
hydrous non-aluminous silicate of iron, magnesia, and soda. Lawson also 
pointed out that limonite was probably present as a pigment in idding- 
site. It was first described in detail by Ross and Shannon (1925), and 
subsequently the composition and origin of iddingsite were discussed by 
Edwards (1938), Bogue and Hodge (1940), and others. A thorough study 
of the available data on iddingsite leads to the conclusion that iddingsite 
does not have a definite chemical composition or optical properties. 
Iddingsite is found so commonly in volcanic rocks in New Mexico that 
more exact data than were available previously were desired. 


* Publication with permission of the Director, New Mexico Bureau of Mines and 
Mineral Resources. 
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Frc. 1. Photomicrographs showing the occurrence of iddingsite in basaltic rocks. 
A. Olivine basalt, 132-D-142, from Cienega, New Mexico, showing the iddingsite rims, 
and the complete alteration of many small olivine grains to iddingsite. B. Basalt, 313-RE3, 
from Reserve, New Mexico, showing pseudomorphs of iddingsite after olivine. 15x. 


X-RAy ANALYSIS 


X-ray powder diffraction photographs were made of all the iddingsite 
samples, including two original samples of Ross and Shannon (1925). A 
sample (No. 325-C-61) from Carrizozo, New Mexico provides the best 
powder diffraction pattern of cryptocrystalline goethite (Fig. 2), and the 
d values of this goethite are listed in Table 1. Ross and Shannon (1925), 
thinking that the Fe.O; content of a sample from Brazos River, New 
Mexico (Sample No. 9, Fig. 3.) was too high, did not include it in the 


180 mm Omm 
30 «29 27 2 2423! e297 5 13 wnhlo7 654 2 | + Nos. of lines 


2r 2018 16 14 968 3 


Fic. 2. X-ray powder diffraction pattern of cryptocrystalline goethite in iddingsite 


from Carrizozo, New Mexico. Camera diameter 114.59 mm., iron radiation, Fe Kg =1.9373A, 
Mn filter. 
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calculation of the chemical formula of iddingsite. However, this sample 
also shows a good powder diffraction pattern of cryptocrystalline goethite. 
The pattern of goethite is shown by other samples, but not so well as by 
the two samples mentioned above. One original sample of Ross and Shan- 
non (1925) from Paton Peak, Colorado shows a few powder diffraction 
lines of labradorite, and examination of this sample under the petro- 
graphic microscope shows the presence of some labradorite. Goethite is 


TaBLE 1. X-Ray PowprER Dirrraction Data OF CRYPTOCRYSTALLINE GOETHITE IN 
IDDINGSITE FROM Carrizozo, NEw Mexico 


(Sample No. 325-C-61; Fe radiation, Fe Ke=1.9373 A, Mn filter) 


Nos. d (meas.), A I Nos. d (meas.), A I 
Be 14.8 10 16 1.693 5 
2 5.01 <I ly, 1.603 1 
3 4.55 1 18 1.566 2 
4 4.18 9 19 1.534 1 
5 3.68 3 20 1.510 1 
6 3.38 <1 21 1.487 2 
ib 2.70 8 22 1.453 5 
8 2.58 <il 23 1.316 2 
9 2.52 6 24 1.260 1 
10 2.45 7 25 1.192 <1 

11 Per <A 26 1.164 <<il 
12 2.20 3 27 1.140 <1 
13 1.84 4 28 tS =< 
14 1.807 1 29 1.103 1 
iS 1.720 2 30 1.055 2 


1 Intense blackening due to low’angle scattering by the amorphous substances of the 
iddingsite. 


found to be the chief crystalline phase and the other substances shown 
by chemical analysis to occur in iddingsite are largely amorphous. 
Whereas the powder diffraction lines of a massive goethite from Magda- 
lena, New Mexico are narrow and distinct, those of the goethite in the 
iddingsite are broad and blurred (Fig. 2) and it is believed therefore, 
that the goethite in iddingsite is cryptocrystalline. The intense blacken- 
ing at about d=14.8 A (No. 1 arc, Fig. 2) is due to low angle scattering 
by the amorphous material of iddingsite. Those samples which do not 
show good powder diffraction lines contain relatively smaller amount of 
goethite and larger amount of amorphous silica, magnesia, and water. 
If minute grains of olivine are included in iddingsite concentrated from 
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No 9 No, 325-C-6! No. 6 No.2 No.7 No.3 No! No.5 


35 


Olivine 
30 (a7 F232 $104 | 
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pa | 
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MOLECULAR NUMBER OF 8103 


Fic. 3. Variation diagram of iddingsite samples. The composition of a fresh olivine 
from Tres Piedras, New Mexico is included for reference. Data on samples Nos. 1, 2, 3, 5, 6, 
7, 9 are those of Ross and Shannon (1925). 


the rock sample, a powder diffraction pattern will show the presence of 
both goethite and olivine. 


CHEMICAL COMPOSITION 


A complete chemical analysis of iddingsite from Carrizozo, New Mexico 
is listed in Table 2. The variation in the chemical composition of different 
samples of iddingsite is illustrated graphically by the variation diagram 
(Fig. 3). This diagram is prepared by converting the weight percentage 
of each constituent in the chemical analysis to the molecular number, and 
the molecular numbers of all the constituents are calculated to a total 
100. The molecular numbers of various oxides, including water, are 
plotted against silica. There are five major constituents, namely, H,Ot, 
H20-, Fe203, MgO, and SiOz, and four minor constituents, namely, CaO, 
Al,O3, FeO, and TiOs. Trace amounts of K2O and Na.O are not shown 
in this diagram. It is shown that as the molecular number of silica i1- 
creases from about 21 to 37, the molecular number of Fe.0; decreases 
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from 22 to 9, and that of H,O+ decreases from 33 to 19. H.O- increases 
slightly with the increase of silica. The variation of MgO is rather irregu- 
lar. 

It seems significant that the ratio between the molecular number of 
Fe,O3 and H,O+ ranges from 1:13 to 1:3. The change of this ratio has 
no relation with the molecular number of silica, MgO, or H.O-. Also 
the change of this ratio does not reflect the degree of the alteration of 
olivine. Nevertheless, the total molecular number of Fe:O; and H.O+ is 
high in iddingsite from thoroughly altered olivine, whereas the molecular 
number of silica is high in iddingsite from partly altered olivine. It is 
believed that the Fe,O; and H,O* ratio represents the composition of 
goethite in iddingsite. 


TaBLE 2. CHEMICAL COMPOSITION OF IpprINGsITE FROM CaRRIz0z0, NEw Mexico* 
(Sample No. 325-C-61) 


SiO: 28. NazO n.d. 
TiO2 0.64 K:0 n.d. 
AlsO3 4. P20; 0.32 
Fe.O3 42. HOt 10. 
FeO 0.0 H:07- 5.84 
MnO 0.35 CO: Qe. 
MgO 10. ZrO» n.d. 
CaO be 

Total 102.25 


* Chemical analysis by Dr. H. B. Wiik, Helsinki, Finland, with 0.45 gm of sample. 


OPTICAL PROPERTIES 


Individual grains of the iddingsite from Carrizozo, New Mexico were 
selected under the binocular microscope. They were crushed and their 
optical properties studied by the immersion method. Most of the grains 
show aggregate or fibrous polarization, and only a few small grains of 
about .02 mm in diameter are optically homogeneous. These small grains 
are biaxial with large optical angle. They have weak dispersion. The color 
varies from light yellow to dark brown. The minimum refractive index 
is 1.680+.002, and the maximum refractive index is 1.74+.01. The bire- 
fringence is about 0.06. A few large dark brown and rather opaque grains 
appear to have much higher refractive indices. It is believed that the 
maximum and minimum refractive indices are not the same for all the 
grains, although it has been difficult to make accurate determination. A 
few small fresh olivine grains are found among the iddingsite grains. The 
composition of the olivine is Fo7gFaz2, estimated according to its refrac- 
tive indices. 
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Published data (Ross and Shannon, 1925) show that there is great 
variation in the optical properties of iddingsite. For instance, a may vary 
from 1.608 to 1.792, 8 may vary from 1.650 to 1.827, and y may vary 
from 1.655 to 1.864. No definite relation between the refractive indices 
and the chemical composition of iddingsite has been found, although 
there may be a slight indication showing that the higher the refractive 
indices the lower the H,O* content of the goethite in iddingsite. For in- 
stance, the Fe,O; and H,O* ratio of the iddingsite from Brazos River, 
New Mexico (Fig. 3, sample No. 9) is 1:13, and its refractive indices are: 
a=1.792, B=1.827, and y=1.864. Such ratio of the iddingsite from 
Carrizozo, New Mexico (Fig. 3, sample No. 325-C-61) is 1:2, and its re- 
fractive indices are 1.68 to 1.74. Sample No. 1 (Fig. 3) of Race Creek, 
Colorado, and samples Nos. 2 and 3 of La Jara Creek, Colorado (Fig. 3) 


have lower refractive indices, and their Fe,0; and H,O* ratio ranges | 


from 1:23 to 1:3. However, the FesO3; and H,O* ratio of the iddingsite 


from Gato Creek, Colorado (Fig. 3, sample No. 7) is 1:3, and its refrac- 


tive indices are: a=1.70, B=1.73, and y=1.74, which are higher than 
those of samples Nos. 1, 2, and 3. 


ORIGIN 


Previous authors have maintained that (1) iddingsite is a true mineral 


and was formed in the deuteric stage in the presence of heat, water, and 
gases after the magma reached oxidizing conditions at or near the sur- 
face, (2) that a hard crust on the magma prevented the escape of gases 
and water, and that (3) the magma must have come to rest before idding- 
site was formed. 

The present study has pointed out that iddingsite is not a true mineral 
but a complex alteration of olivine, that goethite is the only crystalline 
phase, and that the other substances shown by chemical analysis to occur 
in iddingsite are largely amorphous. It is believed that the alteration of 
olivine to iddingsite occurs under the following conditions: 

(1) This alteration occurs largely in intermediate or basaltic rocks, 
whose modal proportions of olivine exceed their normative proportions of 
olivine because of fractional crystallization of the magma (Bowen, 1928). 
The normative proportion is a very close approximation to the stoichio- 
metric proportion of olivine which is expected to occur in a rock crystal- 
lized from a magma without fractionation. On the other hand, olivine of 
limburgite, kimberlite, dunite or other ultrabasic rocks alters mainly to 
serpentine by hydrothermal solution (Wells, 1929). The following ex- 
amples may illustrate the composition of certain rocks in which the al- 
teration of olivine to iddingsite is likely to occur. The phenocrysts of 
olivine of a basalt from Cienega, New Mexico (Sample No. 132-D-85) 
are altered in various degrees to iddingsite. This basalt contains 7.4 per 
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cent of olivine and some iddingsite in the mode, but none in the norm 
(Table 3). An olivine basalt from the same area (Sample No. 132-D-142) 
contains 5.5 per cent of unaltered olivine and 7.1 per cent of iddingsite in 
the mode and 6.03 per cent of olivine in the norm (Table 4). Absorption 
embayments and reaction rims of various width which are common in the 
olivine-iddingsite phenocrysts may have been the weak points where the 
alteration of olivine to iddingsite began. 


TasLe 3. MopE AND Norm OF A BasAtr FROM CieNEGA, NEw MExico 


(Sample No. 132-D-85) 


Mode Molecular norm 

Olivine, including iddingsite rim 7.4% Quartz 0.38% 
Augite 0.2 Orthoclase 12.45 
| Albite 30.05 
Groundmass: 92.4 Anorthite 19.67 

fine granular and glassy; augite, 

magnetite, plagioclase and glassy Wollastonite 8.10 
material Enstatite 18.14 
Ferrosilite 2.10 
Magnetite 4.68 
Ilmenite 2.16 
Apatite out 


(2) Because of the fractionation of the magma, volatile constituents in 
the magma may be continuously concentrated to form a copious residual 
aqueous solution in the deuteric stage in which the alteration of olivine 
to iddingsite is largely accomplished. Olivine or other silicate minerals 
may be decomposed by the action of the residual aqueous solution 
(Bowen, 1928). Some SiOz and MgO of the olivine will be dissolved in the 
solution and carried away, whereas the FeO of the olivine will be oxi- 
dized to Fe:03; and combined with H2,O* to form limonite. H2O~ of the 
iddingsite may be added partly if not largely in the weathering process. 
The process in which a noteworthy amount of MgO and SiO, of the de- 
composed olivine is dissolved and lost in the residual aqueous solution is 
analogous to weathering process. Goldich (1938) pointed out that during 
weathering a large amount of the MgO- and SiO»-content of a rock is 
lost, whereas Fe.O3 and water gain relatively. A large proportion of the 
FeOQ-content of a rock is oxidized to Fe,O3 during weathering. Therefore, 
it is inferred that the alteration of olivine to iddingsite may be continued 
during weathering. 

As far as the alteration products are concerned, the alteration of 
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TABLE 4. MopE AND Norm oF OLIVINE BASALT FROM CreNEGA, New MExico 
(Sample No. 132-D-142) 


Mode Molecular norm 
Olivine 12.6% Quartz none 
5.5% fresh olivine 
7.1% iddingsite Orthoclase 5.25% 
Albite 23.10 
Augite 1.9 Anorthite Zand) 
Plagioclase 0.6 Wollastonite 6.10 
Enstatite 18.60 
Magnetite 0.4 Ferrosilite 4.52 
Groundmass: 84.5 Forsterite 4.86 
fine granular and glassy; augite, Fayalite ila ly 
magnetite, plagioclase, and glassy 
material Magnetite 5.62 
Ilmenite 2.34 
Apatite 0.61 
Calcite 2.30 


olivine to iddingsite is somewhat analogous to the alteration of ilmenite 
to leucoxene. Leucoxene is composed largely of crystocrystalline rutile 
and amorphous titania and iron oxides, whereas iddingsite is composed 
‘largely of cryptocrystalline goethite and amorphous magnesia and silica. 

(3) The original olivine must contain appreciable amounts of iron. 
Under oxidizing condition in the deuteric stage, the FeO of the olivine is 
oxidized to Fe2O3. 

The experiments on hydrothermal alteration of olivine to serpentine by 
Wells (1929) may throw some light on the condition under which the 
alteration of olivine to iddingsite may occur. The olivine from Jackson 
County, North Carolina, used by Wells contains 7.30 per cent of FeO. 
The olivine sample was treated in various solutions, under various tem- 
perature and pressure. The results of the experiments which may throw 
some light on the formation of iddingsite are summarized as follows: 

(1) In various solutions and temperature, but under one atmosphere 

pressure, olivine remains fresh and unattacked. 

(2) In 0.1 molar HCI solution contained in a sealed pyrex tube, at 200° 

C. and 15 atmosphere pressure, red powder of iron oxide is formed. 
In other solutions under similar conditions, olivine may be partly 
attacked but no red powder of iron oxide is formed. In a tightly 


sealed copper container small amount of red iron oxide is formed 
in HCl solution. 
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(3) In a solution saturated with SOz, at 200° C. and 15 atmosphere 
pressure, olivine disappears completely with the precipitation of 
pyrite and some silica. MgO and some SiOz of the olivine are dis- 
solved in the solution. The solubility of MgO and SiO is higher at 
higher temperature and pressure. 

Therefore, it may be concluded generally that the alteration of olivine 
to iddingsite occurs most likely in a highly oxidizing solution containing 
HCl, at high temperature and under high pressure. The high pressure in 
a rock may be maintained in the deuteric stage if a hard crust on the 
magma is formed as suggested by previous authors. 
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EXPERIMENTAL ERROR IN DETERMINING CERTAIN 
PEAK LOCATIONS AND DISTANCES BETWEEN PEAKS 
IN X-RAY POWDER DIFFRACTOMETER PATTERNS 


F. CHAYES AND W. S. MaAcKEnziE,* 
Geophysical Laboratory, Carnegie Institution of Washington, 
Washington, D.C. 


ABSTRACT 


The random errors inherent in two common types of «-ray diffractometer measurement 
have been estimated. Most of the error is apparently associated with operations con- 
tingent upon setting up the specimen and getting the instrument in motion. Although 
significant mean differences were detected between mounts of different type, different 
mounts of the same type gave agreement well within experimental error. Results obtained 
at scale factor 4 were indistinguishable from those obtained at scale factor 2. Scanning 
direction exerts a small but significant effect on estimates of distances between peaks. The 
exact numerical results apply strictly only to the specific operator-instrument combination 
which generated the data. The evaluation procedures should be widely applicable. 


INTRODUCTION 


Most of the routine quantitative use of the «-ray diffractometer is still 
concerned largely with the positions of the various reflections. Measure- 
ments made with the now standard automatic recording arrangement 
are subject to numerous systematic errors, many of which, as formulated 
by Parrish and Wilson (1954), evidently decrease with increase in 26. 
» Although in principle one should always apply a correction to eliminate 
a systematic error of known size, in practice there is usually little point 
in doing so unless the size of the bias is of at least the same order as the 
random error of the measuring process. 

There is surprisingly little published experimental information about 
the random error of results obtained in high-grade routine work. This 
note provides some, along with evaluation procedures which should 
permit others to procure as much as is necessary in any specific situation. 

Our estimates of random error were developed in order to permit ap- 
praisal of the results one of us (W.S.M.) obtained in a particular prob- 
lem. They are not intended to provide a general guide to expectable ex- 
perimental error in work of this sort. Indeed, a very different and con- 
siderably more elaborate schedule of testing would be required before we 
could tell whether they are applicable even to the work of others in our 
own laboratory. 

The measurements for which we required estimates of random error 
are of two types. In the first we are concerned simply with whether a 
series of x-ray diffraction patterns can or should be distinguished from 


* Present address: Department of Geology, The University of Manchester, Manchester, 
England. 
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each other. The “unknowns” were all samples of glasses of identical com- 
position (NaAlISi;Os) crystallized at varying temperatures and for varying 
times; significant differences in a particular apparent interplaner dis- 
tance could only be interpreted as responses to differing crystallization 
conditions. In the second we are concerned with the error attached to 
estimates of 20 for various reflections given by Lake Toxaway quartz, a 
material much used both as an internal standard and as a means of cali- 
brating an instrument. 


RECORDING AND MEASURING TECHNIQUE 


The x-ray diffraction patterns were obtained on a Norelco wide-angle 
diffractometer, using Al-filtered copper radiation. The divergence and 
scatter slits were 1°, the receiving slit 0.006 inch. 

All patterns were prepared and measured by one of us (W.S.M.). Each 
pattern was measured once with a specially designed ruler on which the 
vernier reads to 0.005 inch; individual readings were recorded to 0.005 
inch. A point midway between the edges of the peak at 2 of the peak 
height was taken as the peak location, both coordinates being judged by 
eye. For differences between the positions of two peaks (A286), the variable 
in the first set of observations described below, the distance between the 
appropriate points was measured by ruler. For direct estimation of 28, . 
the variable of the second set of observations, the distance of the point 
from the nearest degree tick (not the half-degree tick) registered by the 
degree marking pen was measured by ruler. This is the standard operat- 
ing procedure of the second named author. 

In the first set of observations only glass smear mounts were used. 
The second set utilized both these and a mount of the type described by 
Adams and Rowe (1954). The surface of the Adams mount was ground 
and polished to make it as nearly flat as possible. The smear mounts 
were made on ordinary microscope slides with a mixture of clear lacquer 
and acetone; the smear was barely translucent. 


Error OF A DIsTANCE BETWEEN Two PEAKS (A286) 


The data are measurements, made mostly on the same instrument 
over a period of more than a year, of distances between the same two 
peaks on 30 specimens of synthetic albite selected at random from over 
300 similar records. Instrumental settings were: scale factor 1, multiplier 
1, time constant 16. The appropriate interval was scanned at }° per 
minute and the chart speed was adjusted so that 1° 26 is represented by 
1 inch. By means of an automatic oscillator six records of each specimen 
were made with a single insertion of the mount; alternate comparisons 
are thus scanned in the same direction, each chart providing three scan- 
nings from high angle to low and three from low to high. Information is 


536 F. CHAYES AND W. S. MACKENZIE 


TABLE 1. VALUES OF A20= 26,3: — 26013 FOR SYNTHETIC ALBITES 


ee Decreasing | Increasing | Decreasing | Increasing | Decreasing | Increasing 

53 1.880 1.880 1.880 1.905 1.895 1.885 
65 1.795 1.785 1.790 1.795 1.785 1.785 
89 1.930 1.940 1.930 1.930 1.920 1.940 
95 1.750 1.760 1.765 1.760 1.745 1.750 
102 1.905 1.935 1.900 1.900 1.910 1.900 
116 1.960 1.945 1.940 1.950 1.940 1.945 
WH) 1.955 1.955 1.960 1.945 1.940 1.960 
135 1.950 1.970 1.950 1.960 1.965 1.950 
141 1.920 1.945 1.925 1.945 1.945 1.955 
169 1.945 1.940 1.935 1.950 1.945 1.945 
172 1.920 1.910 1.925 1.910 1.910 1.905 
ris 2.005 1.985 1.980 1.995 1.970 1.980 
176 1.815 1.815 1.815 1.805 1.810 1.810 
181 1.915 1.935 1.915 1.935 1.905 1.930 
183 1.885 1.905 1.890 1.900 1.910 1.915 
192 1.875 1.890 1.885 1.880 1.895 1.895 
200 1.815 1.820 1.820 1.830 1.810 1.820 
221 1.745 1.760 1.745 1.745 1.745 1.770 
223 1.875 1.885 1.875 1.895 1.895 1.885 
232 1.860 1.845 1.870 1.865 1.840 1.870 
249 1.915 1.935 1.915 1.940 1.945 1.920 
267 1.800 1.800 1.815 1.820 1.820 1.820 
270 1.865 1.870 1.855 1.880 1.855 1.870 
277 1.930 1.945 1.920 1.940 1.940 1.925 
284 1.865 1.860 1.875 1.860 1.870 1.865 
293 1.710 1.740 1.730 1.735 725) 1.740 
301 1.980 2.005 2.000 2.000 1.965 1.980 
307 2.005 2.015 2.000 2.020 22005 2.015 
315 T1oD 1.790 1.765 1.780 1.765 1.780 
327 2.000 1.985 2.020 2.000 1.985 2.005 


desired on the error attached to individual distances (A2@) and to the 
mean of a set of six such distances. It is also necessary to reach some deci- 
sion about the significance of a small but common discrepancy between 
the mean values for the two directions of scanning. 

The data, shown in Table 1, were collected primarily for the purpose 
of comparing the specimens with each other, deciding whether the pat- 
terns were the same or different, and attempting to measure the differ- 
ences where these appeared significant. If we define 

(1) an observation as the average of the two distances generated in a 

single complete oscillation, and 
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(2) a specimen value as the mean of three observations made in con- 
tinuous operation of the instrument, 
the variance analysis calculated from Table 1 is: 


Source Degrees of freedom Mean square 
Between specimens 29 1,643,778.24 
Error 60 4,319.45 


For convenience in calculation the data were coded by 
Y;=(Xi—1.7) (104) 
so the error of a single observation, as a standard deviation, is 
s= (4,319.45) /2(10-4 =0.0066° 


and the error attached to the mean of three observations made with a 
single setting and insertion is 0.0066/./3 = 0.004. 

By using the mean of a full oscillation as a “‘single” observation, we 
have avoided discussion of the small but persistent difference between 
distances scanned in opposite directions. In 24 of the 30 specimens listed 
in Table 1, the average distance is larger for the subset scanned in the 
direction of increasing 26, and the over-all average value for the differ- 
ence is 0.006°. 

Table 2 shows a partition of variance in which the items of the sample 
are individual distances (e.g., each oscillation provides two distances and 


TABLE 2. VARIANCE ANALYSIS OF TABLE 1 SHOWING EFFECT OF SCANNING DIRECTION 


Source Degrees of freedom Mean square 
Specimens 29 32,867 .45** 
Scanning direction 1 TAZ 230" 
Interaction 29 96.53 
Error 120 91.18 


a specimen estimate is the mean of six). With this arrangement it is possi- 
ble to isolate a separate mean square for scanning direction, and this 
mean square turns out to be highly significant. 

The error of a single peak interval is estimated by (91.18)!/°(10-*) 
=0.0095°. The error of the mean of six is estimated by 0.0095/+/6 
=0.004°, as before. 

It is to be stressed that for the stated purpose of the work the scanning 
direction bias does not affect the random error as long as even numbers 
of consecutive peak intervals are averaged. Nothing at all is gained by 
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letting the machine run (w—1) times in the “wrong” direction in order 
to obtain 2 runs in the “right” direction. The net result of this stratagem 
is the loss of 100(n—1)/(2n—1) per cent of machine time and recording 
paper. 

The question of what to do about the scanning direction bias becomes 
much more complex if the results are to be used as estimates of a “true” 
value defined as something more than the average of an indefinitely large 
number of replications of this particular procedure. From parameters 
determined by some other type of experimentation, for instance, we can 
calculate an “expected” value for A260, and may wish to determine 
whether the observed values are in satisfactory agreement. One can get 
nowhere with this matter unless one is willing to make some reasonable 
assumption about the nature and location of the bias. The simplest would 
appear to be that one of the two scanning directions provides an unbiased 
estimate, the bias being entirely situated in the other. In this circum- 
stance the practice of using only alternate readings would be appropriate, 
but one would have to know which set to use. 

Further, it is not unreasonable to suppose that both scanning directions 
lead to biased results, and the justification for supposing that the bias is 
constant, an assumption basic to the argument, is purely practical. The 
possible complications are virtually infinite in number; which, if any, of 
them may be usefully explored is determined, ultimately, by the random 
error of the procedure by which the exploration is to be conducted. 


RANDOM ERROR OF 26 VALUES FOR QUARTZ ON GLASS SMEAR Mounts 


The main object of the work described in this and succeeding sections 
was to estimate the random error attached to routine measurements of 


26 for each of several peaks in the specimen, a sample of Lake Toxaway - 


quartz widely used in this laboratory, in conjunction with the table of 20 
values given by Parrish (1953), as an internal standard. We desired in- 
formation on the size and nature of differences between our measured 
values and those calculated by Parrish, on whether alteration of the 
scale factor influenced these differences, and on whether results obtained 
from smear mounts differed significantly from those given by the Adams 
mount. 

All runs were made on the Norelco wide-angle x-ray diffractometer 
which provided most of the data for the preceding section, with the fol- 
lowing settings: scanning speed 0.5° per minute, chart scale 1°=1 inch, 
scale factor 2 or 4,* multiplier 1, time constant 8. The scanning proceeded 


* To keep certain peaks on scale it was sometimes necessary to insert additional Al 
filters. 
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from 54° to 20°. All determinations were made on two glass smear mounts 
and one of the Adams type. 

Each mount was scanned twice at each of the scale factors, the scan- 
nings were carried through in a predetermined random order, and the 
operation of ‘“‘scanning”’ in each case included insertion of the slide. Each 
chart was measured once in the fashion already described; the charts were 
measured in a random order different from that in which the scannings 
were made, but as a matter of convenience all peaks on a single chart 
were measured consecutively. The data are shown in Table 3, 

Considering only the glass smear mounts, the arrangement conforms 
to the so-called 2? factorial type, and the variance calculations, though 
somewhat tedious, are simple and straightforward. (A sample calculation 
is given in Appendix A-2; for details see the excellent outline in Cochran 
and Cox, 1950, pp. 122-129.) If the data are coded by subtracting off the 
smallest observed value for each peak and eliminating decimals, the fol- 


lowing average mean squares may be formed from the results for each 
peak: 


Source Average mean square 
Scale factor 64.106 
Mounts 133.036 
Interaction (M XS) 140.179 
Error 233 .821 


The tabulation affords a convenient résumé of our major findings; 
if the results are examined peak by peak, as is done for the (112) reflec- 
tion in Appendix A-2, it will be found that in no case does either scale 
factor or mounts (or interaction) generate a mean square significantly 
larger than that for error. The experimental error is of about the an- 
ticipated size but is not to be attributed to either of the assigned 
“‘causes.”’ 

Many of the systematic errors studied by Parrish and Wilson appear 
to decrease with increase in 26. A closer examination of our results in- 
dicates, however, that in the range investigated the random error prob- 
ably increases with increase in 26. Table 4 shows average values for 26 
and standard deviations for error calculated from Table 3. Each esti- 
mate is based on only 4 degrees of freedom, of course, and variance 
estimates based on small samples are notoriously unreliable. Indeed, it 
cannot even be shown from the data that the sub-group variance is 
inhomogeneous. A persistent trend of this sort is nevertheless quite 
unlikely unless there is in fact some tendency for direct variation of 
random error with 20. 
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COMPARISON OF ADAMS AND SMEAR Mount 26 VALUES 


The standard deviations listed in Table 4 estimate the random error 
of a single determination of 26;x:. Differences between mounts and 
scale factors having proved negligible, the average 26), for the smear 
mounts is based on eight such determinations. Its error is accordingly 
1//8 that of an individual determination. As shown in Table 5, the 
difference between the mean value for the smear mounts and that for the 
Adams mount is never less than seven and may be as much as twelve 
times this error. 

There seems to be no reasonable doubt that this particular Adams 


TABLE 5. CoMPARISON OF ADAMS Mount AND SMEAR Movunr (Data or Taste 3) 


Smear mount average Error of smear 
(hkl) —Adams mount mount avera: 
! ge 
(112) 0.072 0.006 
(201) 0.054 0.006 
(200) ) 0.074 0.006 
(111) 0.047 0.006 
(102) 0.064 0.005 
(110) 0.043 0.005 
(100) —0.030 0.004 


mount gives results quite different from those found for the smear 
mounts. We have no explanation either for the gross effect or for the 
peculiar circumstance that for six of the peaks the observed 26 is smaller 
on the Adams mount while for the seventh it is larger. This whole matter 
requires careful and more detailed investigation. 


COMPARISON OF OBSERVED 26 VALUES WITH THE PARRISH STANDARD 
QUARTZ SPACING 


The Parrish values are now often used as a kind of correction or 
calibration of quartz serving as an internal standard. It is sometimes 
difficult to decide whether a particular reflection is best compared with 
the Parrish value calculated for a or a. In the present instance, however, 
we can avoid the difficulty by adopting the procedure of J. V. Smith 
(1956), who in a recent paper on plagioclase lattice parameters uses 
a for reflections with 26 greater than 31°. Table 6 compares Parrish a 
values with averages calculated from Table 3 for the six reflections satis- 
fying this condition. 

As the Parrish values are always Jarger and the Adams values smaller 
than the smear mount results, we need consider only one set of differ- 
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TABLE 6. AVERAGE 20 VALUES FROM TABLE 3 COMPARED WITH PARRISH a; VALUES 


20 
Index 
Paes Smear mount Smear mount Po mes a Fi ae 
(Si) (Sz) 

(112) 50.142 50.104. 50.112 50.036 
(201) 45.796 45.756 45.752 45.700 
(200) 42.454 42.411 42.415 42 .339 
(111) 40.292 40.262 40.249 40.209 
(102) 39.468 39 434 39.442 39.374 
(110) 36.546 36.509 36.502 36.462 


ences, those between the Parrish and smear mount values. This com- 
parison is shown in Table 7. The difference is always more than five 
times as large as the estimated random error of the smear mount average. 
There is again no reasonable doubt of the significance of the difference, 
which is so nearly constant as to suggest systematic, probably instru- 
mental, origin. It is to be remembered, however, that the data include 
only a small part of the spectrum. 

A number of prepublication readers have taken serious exception to 
Tables 6 and 7 and the accompanying discussion, all of which appear 
to imply that smear mounts are superior to Adams mounts. Extended 
. discussion of this matter revealed considerable confusion concerning the 
nature and relevance of the Parrish 26 table for quartz, as well as a 
strong feeling that because of the differing ‘‘geometries’” of the two 
mount types no direct comparison of the results was legitimate. 

Despite Parrish’s clear description (1953) of the construction of his 
table, many users of it remain unaware that it is calculated directly from 
a and c estimates published by Lipson and Wilson in 1941. The Parrish 
table is thus quite independent of design and adjustment characteristics 


TABLE 7. DIFFERENCES BETWEEN PARRISH a, VALUES AND SMEAR Mount AVERAGES 


(hkl) Parrish value—smear Error of smear 
mount average mount average 
(112) 0.034 0.006 
(201) 0.042 0.006 
(200) 0.041 0.006 
(111) 0.036 0.006 
(102) 0.030 0.005 
(110) 0.041 0.005 


ERROR IN DETERMINING PEAK LOCATIONS IN POWDER PATTERNS 543 


of any modern recording diffractometer. From this point of view it is 
quite legitimate to compare either the smear mount or the Adams mount 
results with the relevant Parrish values, and there would accordingly 
appear to be no justification for refusing to compare them with each 
other. 

The Lipson-Wilson measurements were made on photographic powder 
patterns of a crystal of unknown source. Parrish mentions that “‘some 
care” should be exercised in the selection of quartz for use as a standard 
and concludes that at present it “should not be used as a primary stan- 
dard for measurements requiring the highest precision.’’ On this account, 
however, our comparison is neither more nor less suspect than innumer- 
able other similar uses to which the table has been put and for which it 
was presumably designed. Every one of the critics who raised this objec- 
tion had himself many times used the Parrish table for standardization 
or cross-calibration. Indeed, it would be difficult to find mineralogical 
users of the diffractometer who have not done so. 

It was also argued that since no instrumental adjustments were made 
during the test, mounts of different “geometry” ought to yield different 
results, the implication being that an instrument adequately aligned 
and calibrated for one type of mount would not be so for the other. It is 
obvious that in the Adams mount the target is at or below the theoretical 
target plane, while in the smear mount the upper surface of the target 
must be somewhat above the theoretical target plane. Whether the differ- 
ence of elevation exerts a measurable effect on the results is a matter for 
experimental determination. From a priori considerations of mount 
geometry the Adams mount would appear to be preferable, but the smear 
mounts gave considerably better agreement with the Parrish values. 
Whatever the meaning of this result, criticism of it on the basis suggested 
above is quite irrelevant. In the recommended procedure (Parrish, 
Hamacher, and Lowitzsch, 1954), alignment of the instrument and 
adjustment of the zero point are accomplished without benefit of a 
mount of amy type. The alignment and adjustment may be tested by a 
pressed silicon standard; if further refinement is required, however, it is 
carried through without direct reference to the standard. We did not 
vary the adjustment to ‘“‘fit” the mount type for the reason that under 
the recommended standard operating conditions—the only kind we were 
concerned with—no adjustment of this type is possible. 


COMPARISON OF THE ERROR ESTIMATES 


The error of a single (131-131) interval in the feldspar data was es- 
timated as 0.0095°. If the peak locations from which the difference is 
formed are subject to equal random error, this error may in turn be 
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estimated as 0.0095/+/2 =0.0067, a figure considerably smaller than any 
of the quartz errors shown in Table 4. This may be inherent in the ma- 
terials involved, but examination of the charts offers no support for such 
an explanation. It seems much more reasonable to attribute the difference 
to the structure of the experiments rather than of the materials on which 
they were performed. 

The feldspar error pertains to repeated scannings made with the in- 
strument in continuous operation, all based on a single insertion of the 
mount into the specimen holder. In the quartz work, on the other hand, 
only one scanning (per peak) is made on each chart; the error accordingly 
includes variation introduced by inserting the mount into the specimen 
holder and setting the instrument in motion. This suggests a further 
subdivision of error variance. The total analytical error contributes to 
the quartz estimates, while only a ‘‘within-chart”’ component is reflected 
by the feldspar estimates. The uncertainty contributed by operations 
essential to starting the machine, possibly largely by insertion of the 
mount, is readily estimated as the square root of the difference between 
the squares of the quartz and feldspar errors. At 20= 20°, for instance, 
we have 


Source Mean square Standard deviation 
Between charts 0.000094 0.0097° 
Within charts (feldspar) 0.000045 0 .0066° 
Total (quartz) 0.000139 0.0118° 


At 20=50° the same calculation yields a “between chart” standard 
deviation of 0.0156°. If this explanation is correct, the bulk of the random 
error is occasioned by the various manipulations incident upon setting 
up the specimen and getting the instrument in motion. This is one of the 
strongest arguments in favor of the use of internal standards wherever 
close decisions are to be made. 


POSSIBLE ROUNDING ERRORS 


The ruler used for measurement of our charts, one of two specially 
made here, is equipped with a vernier reading to 0.005 inch, in our case 
0.005°. The work reported above persuades us that even further refine- 
ment would be desirable whenever close decisions are to be made about 
the distances between well-defined peaks. A unit of measurement of 
0.005° is wastefully coarse for procedures whose random errors fall in the 
range 0.007—0.017, about that encountered in the present study. Indeed, 
it is impossible to take full advantage of such procedures unless the unit 
of measurement is considerably less than 0.005.° Whenever internal 
standards can be used or a distance between two peaks is at issue, a ruler 
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with a vernier reading to 0.001° could be used to good advantage. This 
is especially so when, as in our work, estimates of error are desired. 

Coarse grouping often yields distorted error estimates; commonly a 
class interval broad in relation to the parent error leads to overestima- 
tion of error variance, but this is not necessarily the case, particularly 
in small samples such as most of us use. The worker who imagines that 

excessive rounding necessarily provides protection against overstating 
_ precision is often living in the kind of paradise not inhabited by wise 
men. 


APPENDIX A-1 


Since most readers will not be particularly concerned with arithmetic details we have 
relied rather heavily on a few simple statistics together with close inspection of tables of 
averages, differences, etc. The data were obtained in a pattern which permits more elegant 
procedures, and all of our conclusions are based on the results of standard statistical cal- 
culations. The most troublesome finding is probably the conclusion that the differences be- 
tween the Adams and smear mount values are significant, for there is a clear implication 
that the two types of mount do not in fact estimate the same parameters. Here, as else- 
where, the inspection procedure relied on in the text leads to a conclusion easily sub- 
stantiated by more formal calculation. 

If we designate the Adams mount by A, and the smear mounts by S; and S2, we have 
for each peak a difference A= (S,—.S2) reflecting the failure of the smear mount averages 
to agree exactly, and a difference 


S Se 
n- (@$2-4) 


reflecting the failure of the average for the Adams mount to agree exactly with the grand 
mean for the smear mounts. 
The mean square of the differences between means is an estimate of 


1 1 
ey ee ee 


YL 2 


where s?is the pooled error mean square per unit, and 7; and 72 are the numbers of replicates 
upon which the two means are based (Cochran and Cox, p. 91). Summing and solving for 
the pooled error sums of squares (SS), we have 


1 
SSA, = 5 A? 
for the differences between the smear mount averages, and 
ee 
SSA = 3 > As? 


for the differences between the Adams mount and the smear mounts. On the null hypothesis 
these are estimates of the same quantity. Actually, they compare as follows: 
Source of variation SS Degrees of freedom Mean square 


Between Adams and smear mounts (A:) 0.015145 7 0.002163 
Between smear mounts (A;) 0.000207 3 0.00002957 
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The mean square for As is very much larger than for Ai—the ratio, F =MSA2/MSA,=73.1 
is so large that a test would be trivial. The Adams and smear mounts evidently do not 
estimate the same angle for a given (hkl). 

Incidentally, the mean square 0.00002957 is for an average of eight determinations. For 
a single determination this would lead to an estimate of 0.0002366, without direct reference 
to the individual measurements. The average mean square calculated from the individual 
measurements, which may be reclaimed by squaring the entries in the right column of 
Table 4, summing, and dividing by 7, is 0.0002340. The square root of either value is an 
estimate of the standard deviation of a single observation; they are obviously in good agree- 
ment. 


APPENDIX A-2 


Some readers may be interested in the factorial design and accompanying calculations. 
The reference cited in the text covers this material admirably, and should certainly be con- 
sulted by anyone planning to use the procedure in his own work. The following résumé is 
intended as an introduction for such readers, but may also provide useful orientation for 
those whose interest is less immediate. 

The smear mount data for the (112) reflection, given in the first line of Table 3, are 


Scale Factor 
Mount 
Me 4 
1 50.100; 50.115 50.100; 50.100 
2 50.110; 50.105 50.140; 50.095 


Subtracting off the smallest of these and eliminating decimals; a useful step in any calcula- 
‘tion of variance, we have: 


Scale Factor 
Mount Yan 
2 4 
1 5520 55) 35 
2 15,10 45,0 70 
Len 50 55 


At this point we could calculate and partition the sum of squares in the usual way, but 
the factorial procedure, which uses only the marginal totals, is much simpler. 
For the main effects and interaction we have the following sums of squares: 


Differences between mounts (35—70)2/8 = 153.125 
Differences between scale factors (S0—55)2/8= 3.125 
Interaction [(45+-0+5+20) —(15+10+5+5)]2/8 = 153.125 


If there were only one measurement per mount-scale combination, this would exhaust the 
data, and we would have the analysis: 
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Source of variation Degrees of freedom Mean square 
Mounts 1 Sonido 
Scale factors 1 3125 
Error (interaction) 1 15S 5k29 


showing that neither main source of variation is significant. Actually there are two observa- 
tions in each cell, so that we have a means of estimating directly the reproducibility of re- 
sults on the same mount at the same scale. In the ordinary variance analysis procedure 
this would be found by subtracting the sum of squares for subclasses (mount-scale com- 
binations) from the total sum of squares calculated from individual observations. But 
there is actually no need to calculate either of these sums of squares. From the argument of 
the first part of the appendix, the sum of squares for reproducibility is simply 


31(S—20)?+(5—5)?+ (15 —10)?2+ (45 —0)?] = 1137.5 


and one degree of freedom attaches to each difference. The full analysis for the (112) re- 
flection is then: 


Source of variation Sum of squares Degrees of freedom Mean square 
Mounts 153.125 1 PS32125 
Scale factors $125 1 Se25 
Interaction 153.125 1 153.125 
Reproducibility error PIG 7<5 4 284.325 


There is no evidence that the use of different mounts and scale factors has contributed 
appreciably to the observed variation; comparable dispersion would be expected if a 
similar number of charts were made on the same mount at the same scale setting, providing 
the mount were removed from the specimen holder at the conclusion of each scanning. 
Although the numerical values of the mean squares of course vary from peak to peak, 
similar calculation leads to the same general conclusion for all the smear mount data of 
Table 3. 
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A THERMAL INCREMENT DIFFRACTOMETER 


Witttam A. Bassett AND Davis M. Lapuam, Columbia University, 
New York, N.Y. 


ABSTRACT 


A furnace has been designed to fit the Philips x-ray diffractometer. The temperature 
may be raised at a uniform rate or maintained at a controlled level from 0° C. to 1000° C. 
Powdered crystalline materials are placed on a Pt-Rh plate which rests on a heating ele- 
ment near the center of the furnace. The temperature is recorded by a Pt, Pt-Rh thermo- 
couple connected to a Brown recorder. Variations in intensity and angle of reflection for 
oscillations or scans are charted on a second Brown recorder synchronized with the tem- 
perature recorder. The back of the furnace contains a water jacket for cooling while the 
front assembly is enclosed by an inconel cover. The insertion of a beryllium window permits 
controlled atmosphere experiments. Arkansas quartz has been used to ascertain the tem- 
perature characteristics of the furnace and to obtain data on the alpha-beta lattice ex- 
pansion with its accompanying intensity changes. 


INSTRUMENT DESIGN 
Introduction 


Investigation of the structural characteristics of minerals at elevated 
temperatures is an important part of mineralogical procedure. A method 
designed to aid such investigation utilizing the «-ray diffraction of 
powders at high temperatures has been described by Weiss and Rowland 
(1956) and by Birks and Friedman (1947). An instrument of this type 
‘may be used in conjunction with a goniometric scanning unit and may 
be easily substituted for the normal diffractometer arrangement. 

This paper describes a high temperature diffraction unit capable of 
observations over the range 0°C.—1000° C. It has been constructed under 
the direction and with the assistance of Professor Paul F. Kerr of Colum- 
bia University. The writers are also indebted to Dr. Richards A. Row- 
land, Shell Research Laboratory, for suggestions for the design of this 
instrument, and to Dr. John Thompson of the International Nickel Com- 


pany for providing specially cast inconel blocks of adequate size for 
furnace construction. 


Furnace and Sample Placement 


The heating unit was built by Professor Robert L. Stone, Department 
of Ceramics, University of Texas. It consists of 0.1 mm. Pt-13% Rh 
wire set in a ceramic block 1” 1" X }” thick and is capable of an internal 
temperature of 1400° C. A powdered sample may be either deposited 
from suspension on a flat Pt-Rh plate 0.1 mm. thick which then rests on 
the surface of the heating element (Fig. 1) or pressed into a flat rectangu- 
lar Pt-Rh receptacle with sides 1.0 mm. high. The former arrangement 
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Fic. 1. Sample, thermocouple, heating element and furnace mount of the 
thermal increment diffractometer. 


yields basal orientation for micas and clays and allows for expansion 
without surface buckling. The receptable may be used for orientations 
other than basal spacings if the sample surface remains planar during 
heating. The receptacle also furnishes a smooth, regular surface which 
assists in quantitative interpretations of diffraction intensities. 


Temperature Recording and Calibration 


The mineral sample temperature is determined by use of a Pt, Pt-13% 
Rh thermocouple on a Pt-Rh plate adjacent to the sample and connected 
to a cold junction thermocouple. The potential from the thermocouples is 
recorded directly on a Brown recorder. Temperatures may be read by 
calibration of the recorder millivolt scale. This calibration was accom- 
plished with inorganic compounds having a range of melting points 
between 200° C. and 900° C. The calibration curve corresponds to values 
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listed in the Handbook of Chemistry and Physics (1955). Since the 
sample surface is at a slightly lower temperature than the hot junction 
thermocouple due to sample thickness and different heat reflectivity, the 
millivolt scale was recalibrated by means of the known linear expansion 
of Pt-Rh for temperatures between 0° C. and 1000° C. The formula used 
1S% : 


SAG! +al+ Bl?) ) 
where 


:=the total linear expansion at ¢ temperature, 
],= the initial length 

a=0.08668X 1074 and 

B=0.013 X 1077. 


This correction amounts to about 30° C. at 600° C. and decreases at 
lower temperatures. 


Cassette Construction 


The heating element is embedded in asbestos within an inconel tray 
and attached to a circular inconel plate. This plate separates the furnace 
from a water cooling chamber and is seated by a rubber “‘o”’ ring. The 
plate is drawn tight against the “‘o”’ ring by means of three Allen head 
stainless steel screws which enter the back of the plate through the 
cassette back and water chamber. Two welded monel tubes near the 
» back of the cassette provide a water inlet and outlet. The water exits 
from the top of the water chamber to eliminate the collection of air. A 
Hays flow switch is connected to an alarm to indicate when the flow 
has fallen below 3 gal./min. 

Two additional monel tubes are welded to the cassette in front of the 
separating plate to permit either immersion of the sample in an inert 
atinosphere or attachment of a vacuum line. A Ni heat radiation barrier 
is attached to the cassette front by three threaded ceramic stand-off 
insulators. Two rectangular slots in the barrier covered by thin Ni foil 
cemented with ceramic cement allow the x-rays to impinge upon the 
sample and to be reflected to the Geiger tube. An inconel cover outside 
the radiation barrier is flange-bolted to the cassette back. It also con- 
tains slits which may be covered by a thin Be sheet for inert atmosphere 
or vacuum runs. 

Holes in the cassette back allow entry of the power leads to the furnace 
and exit of the Pt, Pt-13% Rh thermocouple. The power leads are con- 
nected to a double variac-synchronous motor controller system. A variac 
driven by a synchronous motor controls the power to the heating ele- 
ment. The desired heating rate is obtained by regulating the applied 
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voltage with a second variac. A heating rate of about 10° C./min. up to 
1000° C. has been found to be satisfactory. By shifting the motor from 
one side of the gear reduction system to the other, the variac may be 
reversed so that the furnace is cooled at a controlled rate. Two micro- 
switches have been installed on this variac so that both lower and upper 
power supply limits can be set automatically. 


CALIBRATION 


Introduction 


Finely powdered quartz from Hot Springs, Arkansas was used both to 
check the accuracy of the temperature readings and to illustrate the 
application of the thermal increment diffractometer. Both the structure 
of quartz and its inversion temperatures have been studied by many 
workers, some of the latest using a diffraction goniometer furnace in 
conjunction with other methods of study (Keith and Tuttle, 1952). 
Available data indicate that the alpha-beta transition takes place over a 
considerable range which may vary with crystallographic direction as 
well as with composition and is complete at about 574° C. The tridymite 
transition is so slow, however, that a scan at 910° C. after heating for 
two hours produced no significant differences in the pattern from the 
beta quartz pattern at 625° C, 


Results and Interpretations 


A comparison of the diffraction pattern data for alpha and beta 
Arkansas quartz is shown in Table 1. The calculated ‘“‘d” values and 
intensities for the two polymorphic forms are compared with quartz 
data by Swanson and Fuyat (1953). A general shift of about 0.4° 20 may 
be observed for the low angle planes in which / is 1 and k is 0 or 1. Where 
his 2 and k is 0 or 1, the shift is doubled to 0.8° 26. The majority of 
reflections show no significant change in intensity from alpha to beta 
quartz, but (100), (101), and (112) increase while (110), (102), (202), 
and (211) decrease. Presumably an increase in intensity represents a 
greater degree of order while a decrease represents a less ordered condi- 
tion. The latter also show increased peak broadening which could be 
expected as the degree of disorder increases. Since beta quartz commonly 
has less well developed prism faces than alpha quartz, the lower intensity 
and decrease in sharpness of (110) substantiates this morphologic feature. 

A modification of the graphical method of successive approximations 
was used to calculate the ao and ¢o values for alpha and beta quartz. 
They are compared below with values given by Donnay and Nowacki 
(1954). 
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TABLE 1. ALPHA—BrETA ARKANSAS QUARTZ COMPARISONS 


Swanson and Fuyat 


Alpha Quartz Beta Quartz (alpha) 
(hI) 
d(A) Int. d(A) Int d(A) Int. 
100 4.264 20.6 4.340 22.8 4.26 35 
101 3.348 100.0 3.399 109.4 3.343 100 
110 2.456 4.4 2.500 23 2.458 12 
102 2.248 6.4(2) 2.310 1.9 2.282 12 
111 2 237 6 
200 2.131 4.5 2.166 3.2 2 198 9 
201 1.982 4.4 2.013 3.9 1.980 6 
112 1.819 8.5 1.837 10.3 1.817 17 
003 1.801 1.5 1.801 1 
202 1.673 5.5 1.696 6) 1.672 7 
103 1.659 2.6 1.673 1.9 1.659 3 
210 1.605 1.4 1.624 ee! 1.608 1 
211 1.541 6.9 1.566 3.6 1.541 15 
113 1.453 St 1.477 1.0 1.453 3 
300 1.415 1.3 1.433 ia 1.418 1 
212 1.382 7 
203 12375 11 
301 1.372 9 
104 1.288 5 1.347(?) £23 1.288 3 
302 1.2553 1.6 1.276 1.8 1.256 4 
220 1.228 1.6 1.2495 1.9 15278 2 
213 1.1997 1.5 1.2162 ies) 1.1997 5 
221 1.1973 2 
114 1.1838 4 
310 1.1802 4 
311 1.1530 2 
204 1.1408 1 
303 1.126 4.7(2) 1.172(?) 125, 1.1144 1 
Arkansas Quartz Donnay and Nowacki 

alpha a) 4.910 A 4.910 A 

co 5.390 A 5.30 A 

beta ao 5.002 A 5.01 A 

co 5.454 A 5p A 


The linear expansions for (100) and (101) in 26 values plotted against 
temperature are shown in Figs. 26 and 2c, respectively. Bond re- 
organization signalling the beginning of the alpha-beta transition appears 
to begin earlier for the (101) plane and takes place over a wider tempera- 
ture range of the order of 60° C. or 70° C. while the (100) transition occurs 
more suddenly. The transition expansion reaches a maximum at 573° C. 
for (100) and at 574° C. for (101). Beyond this point there is generally a 
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Fic. 2. Heating-oscillation and expansion curves of Arkansas quartz. 

(a) Heating-oscillation chart for (101). Changes in separation of forward and reverse 
scan peaks signify quartz expansion. 

(b) Plot of 20 against temperature demonstrating the expansion of Arkansas quartz 
normal to (100). 

(c) Expansion similar to (6) for (101). The inversion takes place at 573° C.-574° C. in 
each case. 
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slight contraction of the lattice as has been noted by Jay (1933). At 
about 900° C. there is a slight contraction for (100), and a slight ex- 
pansion for (101). Since this is in the tridymite region, these changes may 
be related to a further change in symmetry. The tridymite transition 
is extremely sluggish, however, and it is doubtful that significant re- 
organization to the tridymite form occurs over the span of a few hours. 

Keith and Tuttle (1952) and others have noted that reflections from 
all planes become hazy and divide into multiple reflections at the inver- 
sion temperature, but rejoin to form sharp reflections after inversion. 
These results were secured from larger crystal fragments than the fine 
grained powder used here. Since inversion triggers are supplied by surface 
irregularities and are dependent upon grain size, fine powder should 
yield sharp reflections at the inversion point. Inspection of the oscillation 
diagram for (101) and (100) shows that the peaks are quite sharp at the 
inversion point (Fig. 2a). A similar oscillation was carried out under 
equilibrium conditions from 555° C. to 610° C. All peaks were sharp at 


Fic. 3. Thermal increment diffractometer installed on the Philips x-ray apparatus. 


THERMAL INCREMENT DIFFRACTOMETER 555 


the inversion temperature and the shape of the expansion curve remained 


unchanged for the 10° C./min. heating rate used in the illustrated curves 
(Fig. 26, 2c). 


Accuracy of Data 


Temperatures were read from the millivolt-temperature graph plotted 
initially on a theoretical basis and checked against the fusion point of 
ZnCle (262° C.), Zn (419° C.), Al (659.5° C.) and CaCl; (772° C.). The 
control curve was then recalibrated for the thermocouple position during 
quartz runs using the known thermal coefficients of expansion for the 
Pt-Rh plate upon which the sample was deposited. The same sample was 
used for all runs and several runs were made for each scan and each 
oscillation. Reproducibility lies within the limit of error of the Philips- 
Brown recorder system which is about +0.03° 26 and +0.7 intensity 
units on a scale of 100 units. Temperatures are considered to be accurate 
to +4° C. between 0° C. and 800° C. and to be about +8° C. at higher 
temperatures. 


CONCLUSIONS 


Arkansas quartz has an inversion temperature close to 573° C. which 
is the temperature for 70% of natural quartz specimens (Keith and 
Tuttle, 1952). Inversion is believed to begin from 50° C. to 70° C. below 
the transition temperature. A slight contraction of the lattice gradually 
occurs above the inversion temperature and continues to at least 900° C. 
There is an irregularity in the expansion for the (101) and (100) planes 
at about 900° C. In the alpha-beta transition low angle reflection planes 
expand as much as 0.076 A while planes having a smaller d(A) show a 
correspondingly smaller change. Certain planes such as the (101) have 
a more orderly atomic arrangement in the beta form while others such 
as the (211) are less ordered. 
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PIEZOBIREFRINGENCE IN DIAMOND: 
FURTHER RESULTS* 


R. M. Dennino, A. A. Grarprnt, EpwARD POINDEXTER and C. B. 
SLAwsoNn, University of Michigan, Ann Arbor, Michigan. 


ABSTRACT 


Further studies of the piezobirefringence effect in diamond have been carried out on a 
specimen bounded by (100), (011), and (011) planes. The near-isotropy of the effect has 
been thus confirmed. The absolute values of the stress-optical constants have been deter- 
mined approximately; the values obtained lead to a prediction of decline in refractive index 
in a diamond subjected to uniform hydrostatic stress. The absolute constants also agree 
somewhat better with considerations based on the Brillouin scattering of light in the crystal. 


All previous studies of piezobirefringence in diamond have been carried 
out with specimens bounded by the (111), (110), and (112) planes. This 
is a convenient orientation, since the common natural or cleaved octa- 
hedral planes form a permanent reference frame of known position. 
With this orientation, it is possible to measure directly only the con- 
stant 2qin2; the value of the piezobirefringence constant qi1-Qi22 1s de- 
duced by computation. A comparison of the values of 2qi22 and quu- 
guzz reported by Ramachandran (1) shows substantial anisotropy of the 
stress-optical effect in diamond. Grodzinski (2), however, has reported 
anisotropy of only 2%; and the earlier results of Poindexter (3) show less 
than 1% anisotropy for the same orientations. In the present work, a 
specimen bounded by (100), (011), and (011) was used to measure di- 
rectly the constant gun-gi122 and thus to confirm the earlier work (3) 
based on indirect measurement. 

The method used to determine qi1-qii22 was essentially that used for 
the earlier measurement of 2qi212, with the exception of some modifica- 
tions introduced by Giardini (4). Stress application was improved by 
use of a motor-driven weight moving along the compressor lever arm. 
Ball bearings were installed to reduce friction in the compressor’s operat- 
ing joints. A photomultiplier tube was used instead of a vacuum photo- 
tube, for greatly improved signal-noise ratio. The output of the amplifier 
was connected to a Varian recorder, rather than a meter. 

A new rectangular parallelopiped of diamond was prepared from a 3- 
carat octahedron of nearly perfect shape. The orientation of the pre- 
pared faces was held to within 6’ of theoretically perfect orientation. This 
diamond was not of the excellent quality of the first one (3). It was 
faintly yellow and had several microscopic flaws. Low order interference 
colors were seen irregularly distributed about the crystal between crossed 
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polars. The new crystal was more brittle than the first one, and even- 
tually shattered, thereby concluding the study. 

Measurements were made of the stress necessary to produce a retarda- 
tion increase of $ wave length at 5400 A. Because of the inherent double 
refraction in the crystal, it was impossible to use the correction formulas 
for non-uniform loading (3). Any non-uniformity of stress distribution, 
however, makes the apparent stress-optical constants too high in the 
photometric-integration method. The derivative of light intensity with 
respect to applied stress has a higher average value in the segments 
where the stress is higher; hence the peaks of overall light transmission 
tend to favor these segments. Accordingly, about 20 experimental runs 
were made and the lowest value selected as most nearly correct. 


TABLE 1. PIEZOBIREFRINGENCE CONSTANTS OF DIAMOND 


St Ob ti 
Specimen Pitien ns ow. Constant Value 
= cm? 
No. 1 {111] {110} 2qi212 —2.97X10-"4 
dyne 
No. 1 [111] [112] 2q212 —2.99 
ANo. 1 {112] {111] 1/3(quu—gu2t4qi22) | —3.00 
B No. 1 [112] [110] ‘ —3.01 
No. 1 (calculated) gu — G22 —3.04 from A 
No. 1 (calculated) Qui — i122 —3.07 from B 
No. 2 [100] [011] Qu — G1122 —3.08 


* 1/640 9(qiu— que)? 6 (gin — quiz») (2gi22) +33 (2qi2i2)? 


The observations were taken with pressure applied to the (100) face 
and observations directed normal to (011). The appropriate piezobire- 
fringence constant for this situation is giu-qu2. The value directly 
measured for this constant is —3.08X10-“ cm?/dyne. In Table 1 this 
value is compared with the values for constants measured and calculated 
in the earlier study. (Note that the values are prefixed by a minus sign, 
instead of a plus, as in the first paper by Poindexter (3). The values are 
now in accord with Pockels’ convention; in the case of the absolute 
constants, the minus sign indicates a decrease in refractive index under 
compressive stress.) 

It is thus confirmed that diamond is nearly perfectly isotropic in its 
piezobirefringent behavior. In view of the poorer quality of diamond No. 
2, it is reasonable to give greater weight to the values calculated from 
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the results of measurement on No. 1. It is entirely possible that more 
refined measurements would demonstrate an even closer approach to 
isotropy. 

Since publication of the first article, the results of other measurements 
have been communicated to the author by Grodzinski. The measure- 
ments were made by Fisher. The observations were taken on three dif- 
ferent diamond needles subjected to bending. These are shown in Table 2. 


TABLE 2. RESULTS FROM OTHER SOURCES 


Grodzinski-Fisher (2) 
— — - : Ramachandran 
ae Average 1950 (1) 
Axis Constant, q q 
Brewsters 
2 cm? 
[111] 2.76 —3.85X 10-4 — —4.2X10- 
dyne dyne 
2 cm? 
211] 2.80 =3.78X%40-4 ——— —2.7<10-4 
dyne dyne 


Presently, there is no plausible explanation for the magnitudes of 
Grodzinski’s data being approximately 1.3 times those of the present 
study. The anisotropy, however, is seen to be very slight. 


MEASUREMENT OF THE ABSOLUTE VALUES OF Qi AND Quiz 


Qualitative measurements of the absolute changes in index are essen- 
tial to determine whether a specific stress increases or decreases the 
index. The difference constant qi1-gi22 might arise from the index in- 
creasing in one direction and decreasing in another, or simply from 
different rates of change of the same algebraic sign. 

The quantitative determination of the absolute values of gun and 
Quiz presents substantially greater difficulties than in the case of the 
difference constant gii1-gu2. Inequalities in the stress distribution give 
rise to errors of far greater magnitude than in the case of the simpler 
piezobirefringence observations; the magnitude of the errors may often 
exceed the magnitude of the quantity which it is desired to measure. 

Great sensitivity is needed for measurement of the stress-induced 
index change, since the change in index which may be introduced without 
fracture of the crystal is seldom more than one figure in the fourth decimal 
place. Two basic techniques are presently available; these are founded 


PIEZOBIREFRINGENCE IN DIAMOND 559 


on either interference or deviation. In the first method, polarized light is 
passed through the crystal and allowed to interfere either with an ex- 
ternal split beam, or with itself by internal reflection from the crystal 
faces. In the second method, a prism cut from the crystal is compressed, 
and the change in deviation of a transmitted beam of light is measured. 

The deviation method was chosen for the present study. It was de- 
sired to continue making observations photometrically, and at the same 
time integrating and averaging the light from throughout the crystal. 
The extreme sensitivity of the emergent wavefront to variation in stress 
and flaws in the crystal precluded the interference technique. 

The diamond was recut in the form of a prism frustum with an in- 
cluded angle of 83°. The frustum was preferred to a triangular prism 
because of its greater strength. Furthermore, there is no sharp corner to 
cut into the compressor pads; and the wider frustum is more stable when 
clamped in the compressor. 

The design of the apparatus was straightforward. The exit slit of the 
monochromator was imaged at infinity and the beam passed through the 
prism of diamond placed in the compressor jaws. The deviated beam 
was focused on a 0.1-mm. slit by a lens of 50-inch focal length. A 931-A 
photomultiplier received the light through the slit. The slit and lens 
were assembled as a telescope, pivoted at the objective end. The slit end 
could be moved horizontally by a micrometer head. 

The minimum measurable deviation corresponded to approximately 
0.0002 inch micrometer motion, or about 1 second of arc. 

Ideally, the deviation method has an advantage over the interference 
method in that only the stress-optical constants enter into the expres- 
sion for the change in deviation; the elastic constants are not concerned. 
As little as a 10% non-uniformity of stress, however, can produce varia- 
tions in apparent deviation which exceed the magnitude of that due solely 
to index change. This arises from the fact that the prism forms a very 
small aperture, and slight distortions of the emergent wave front cause 
serious shifts in the energy distribution in the slit image. The observed 
results when it was attempted ‘to stress the prism uniformly were so 
erratic as to be completely worthless. Accordingly, a modified technique 
was developed. 

In this method the prism was deliberately stressed non-uniformly by 
concentrating the load almost entirely on one edge. Under such condi- 
tions, with the stress at the opposite edge essentially zero, the change in 
deviation A¢ of the light beam is given by the formula 


w’ cos 0Ad=qn®Tlh+sT (n—1) (b+12) 


where w’ is the hypotenuse of the prism frustum, @ the angle between 
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the hypotenuse and the emergent beam, 7 the average stress, s the 
appropriate compliance constant, /, and /, the path lengths on the long 
and short edges of the prism. The light is incident normally (see Fig. 1). 

The modified method has the advantage that the deviation produced 
is about five times that to be expected from uniform loading, and that 
the portion of the deviation due to the elastic component is only about 
a third of the total. In practice, substantially more consistent results 


SERESS 


INCIDENT 


STRESS 


Fic. 1. The diamond prism, showing directions of stress and incident light. 


were obtained with the non-uniform loading technique, and they are at 
least qualitatively reliable. 

The light distribution in the image of the monochromator slit at the 
phototube corresponded to a roughly bell-shaped curve. It was found 
that any noticeable distortion of the intensity curve by the application 
of stress to the crystal made apparent image shift values entirely useless. 
The final deviation values were obtained after careful adjustment of the 
crystal and load to obtain the least image distortion. 

The measured values are shown in Table 3. The crystal was stressed 


on the (110) face, but the piezobirefringent isotropy makes it unneces- 
sary to transform coordinates. 
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TABLE 3. ABSOLUTE STRESS-OPTICAL CONSTANTS 


L Rama- Burstein- Av 
Const 8. 
sperans Poindexter (3) chandran (1) Smith (5) reduced 
a —2.4x10-4 56 “43 ~2.0 
dyne 
qui22 +0.6X107-!4 +2.1 +3.7 +1.0 
Qui — Gir22 —3.0<10-4 


The agreement between the difference of the absolute values and the 
measured piezobirefringence constant may be to a considerable extent 
fortuitous, but the values indicate clearly the sense of the change in the 
index of refraction. The ratio of the constants gi and quiz. as determined 
in the present study is —4:1. The ratio of the corresponding compliance 
constants of elasticity theory is —3.5:1. 

The results of the present study and that of Ramachandran indicate 
that the index of refraction of diamond would decrease if a crystal were 
subjected to hydrostatic pressure. Burstein and Smith have found the 
contrary. The reduced average values shown above were computed 
after proportionally correcting the absolute constants to conform with a 
piezobirefringence constant of —3.0X10~- cm?/dyne. The appropriate 
constant for the hydrostatic effect is qi +2122; it is thus seen that from 
the averaged values it cannot be predicted with certainty whether the 
index should increase or decrease. 

The significance of the algebraic sign of the hydrostatic effect upon 
refractive index with respect to the binding electrons has been discussed 
briefly by Burstein and Smith (5). The present fund of data is unfor- 
tunately insufficient to substantiate a general theory, but certain qualita- 
tive aspects may be noted. The interaction of the binding electrons in a 
crystal with incident radiation varies with their degree of freedom from 
the nuclei. This is evidenced by the somewhat higher refractive indices 
of covalent crystals as compared to ionic, and the high absorption co- 
efficients of metallic substances. In the hydrostatic compression of a 
simple ionic crystal, the net effect is largely due to the increase in density, 
whereas the freedom of the electrons is not directly affected. The refrac- 
tive index would accordingly be expected to increase. 

In more or less covalent crystals, however, the spatial or temporal 
distribution of the binding electrons may be more drastically altered, 
though the other electrons are virtually unaffected. Theoretical predic- 
tion of the effect of hydrostatic stress on index of refraction involves 
very lengthy computations. The calculation of the dependence of polar- 
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izability on internuclear distance in Hy has been made by Ishiguro, Arai, 
Mizushima, and Kotani (6). The variation method was applied to the 
James and Coolidge wave functions for the Hz molecule for various values 
of internuclear distance; it was found that the polarizability of the 
molecule declines as the distance is reduced. The derivative da/dr has 
the value 1.5 10-% cm?/A for the mean polarizability. In the diamond 
crystal, the derivative (for each bond) would have to be about 1.0 10-™ 
cm*/A to offset the Lorentz-Lorenz increase in refractive index with the 
increase in density. To justify the hydrostatic stress-optical constant 
value — 1.2 10-4 cm?/dyne observed in the present study would require 
a rate of 1.7X10-% cm3/A. 

A less well-known application of stress-optical data lies in the predic- 
tion of intensities in the Brillouin or thermal scattering of light. The 
direct measurements of the scattered light are not of great precision, but 
they serve as a useful check on the magnitudes of the stress-optical 
constants. 

An exact computation of intensities for a general orientation of the 
crystal involves a high-order summation. For incident and scattering 
directions along cube axes, the work is much simpler. Born and Huang 
(7) give the result for this case. The ratio of the intensities of light scat- 
tered by transverse and longitudinal thermal vibrations, respectively, is 


(Qpina)*  2(2pine)® + pri2e® 


. ’ 
Qi Cir 1 C1122 + 4Ci212 


where p,;, are the strain-optical constants and cj; are the elastic con- 
stants. 

The strain-optical constants are related to the stress-optical constants 
by the equations 9;j1=CijmnQmnkxt- Using the values (8) cu1=9.210" 
dyne/cm?, ¢i2=3.9X101?, 2ci12=4.3X1012, and the previously deter- 
mined stress-optical constants, we get pux=—1.5X10- and 2pine 
=—12.9X10~. Substitution in the intensity ratio formula gives the 
value 2.5:1. Ramachandran’s ratio, deduced from his stress-optical 
measurements, is 1.6:1. Chandrasekharan (9) has measured the effect 
for several directions in diamond other than along cube axes and ob- 
tained ratios of 1.8:1, 2.3:1, and 3.3:1. 


NOTE 


Since publication of the first paper, it has been learned that F. Fumi 
(10) had earlier confirmed the work of Bhagavantam on the stress- 
optical tensor. 

R. M. Denning and A. A. Giardini were responsible for much of the 
development of the measurement technique. Edward Poindexter made 
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the experimental observations and provided the theoretical discussion. 
C. B. Slawson prepared the diamond parallelopiped. The Office of Naval 
Research supported the work financially. 


REFERENCES 


= 


. G.N. RaMacuanpran, Proc. Ind. Acad. Sci. 32, sec. A 171 (1950). 

2. P. GRopzINSKI, personal communication. 

3. E. PornpEXTER, Am. Mineral. 40, 1032 (1955). 

4. A. A. Grarpint, Piezobirefringence in Strontium Titanate, University of Michigan, 
Ann Arbor (1956). 

5. E. BURSTEIN AND P. Smita, Pirys. Rev. 74, 1880 (1948). 

6. E. Isnicuro, T. Arat, M. Mizusurma, anp M. Korant, Proc. Phys. Soc. Lond. 65, 
sec. A, part 3, 178 (1952). 

7. M. Born anp K. Huanc, Dynamical Theory of Crystal Lattices, Oxford University 

Press (1954). 

. C. Kirret, Introduction to Solid State Physics, John Wiley and Sons, New York (1953). 

. V. CHANDRASEKHARAN, Proc. Ind. Acad. Scil 32, sec. A, 379 (1950). 

10. F. Fumi, Acta. Cryst. 5, 44 (1952). 


Noe <) 


Manuscript received January 20, 1957. 


THE AMERICAN MINERALOGIST, VOL. 42, JULY-AUGUST 1957 


NOTES AND NEWS 
A NOTE ON CALCITE-ARAGONITE EQUILIBRIUM* 


Sypney P. Crark, JR. Harvard University, Cambridge, Massachusetts. 


MacDonald (1956) has recently reported the results of an experi- 
mental determination of calcite-aragonite equilibrium. His work was 
done in the ‘simple squeezer” type of high-pressure apparatus, and since 
the state of stress to which the sample is subjected in this equipment is 
not susceptible to direct determination, it is interesting to compare his 
results with those obtained in an apparatus in which the pressure is 
truly hydrostatic. 

The apparatus used in the present study has been described pre- 
viously by Robertson, Birch, and MacDonald (1957). Pressure is gener- 
ated by the compression of nitrogen and is measured with a manganin 
coil. The temperature of the charge is measured with thermocouples 
placed at each end of the platinum capsules in which it is held. 

Synthetic aragonite was freshly prepared before each run by mixing 
NayCO 3 and CaCk at 100° C. Synthetic calcite was obtained by allowing 
the resulting precipitate to stand for several weeks. Natural calcite was 
also tried as a starting material, but it proved to be much less reactive 
than the synthetic calcite. 

Phases present in the synthetic reactants were identified by their 
x-ray diffraction patterns. The synthetic calcite gave sharp patterns 
with no aragonite lines. Sharp aragonite lines were obtained from the 
synthetic aragonite, and the strongest line of calcite also appeared. 
Evidently some inversion of this material took place in the few hours 
between its preparation and its examination by x-ray, and the reactant 
described as aragonite is actually a mixture of calcite and aragonite. 
The mixture is a perfectly satisfactory reactant, since the disappearance 
of aragonite lines during a run indicates that the run was in the calcite 
field as surely as if no calcite had been present initially. 

Products formed in the runs were identified by x-ray. In all cases lines 
of only one of the two phases appeared. 

In making a run, the pressure was raised before the furnace was 
heated. At the end of the run the charge was quenched before lowering 
the pressure. The temperature of the charge drops below 300° C. less 
than 30 sec. after cutting the power to the furnace, and there is no evi- 
dence of reaction taking place during quenching. 

Experimental results are given in Table 1 and Fig. 1. They are in ex- 


* Paper No. 152 published under the Auspices of the Committee on Experimental 
Geology and Geophysics and the Division of Geological Sciences at Harvard University. 
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TABLE 1. EXPERIMENTAL RESULTS 
Run Pressure Temperature | Duration 
No. har (°C) a) Reactant Product 
102 10 ,000 +200 410+30 1; Synthetic Aragonite | Calcite 
Natural Calcite Calcite 
104 10 ,500+100 450 +25 1% Synthetic Aragonite | Calcite 
Natural Calcite Calcite 
105 11,900+100 440 +20 1% Synthetic Aragonite | Aragonite 
Natural Calcite Calcite 
129 13,200+100 575415 27 Synthetic Aragonite Aragonite 
Synthetic Calcite Aragonite 
130 12,700+100 575+10 2 Synthetic Aragonite | Calcite 
Synthetic Calcite Calcite 


cellent agreement with those of Jamieson (1953). The curve determined 
by Jamieson and extended by the present work is parallel to MacDonald’s 
curve and departs from it by about 1300 bars. Professor Kennedy, in 
whose laboratory MacDonald’s work was done, has informed me that 
the accuracy of his determinations of pressure in the simple squeezer 
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Fic. 1. Comparison of present results with those of MacDonald and Jamieson. The 
present results are shown as boxes, with open boxes representing runs which produced 
aragonite and boxes with crosses representing runs which produced calcite. 
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have recently been improved, and that further work on this reaction is 
in good agreement with the results presented here. 

I am indebted to Prof. MacDonald for providing me with a copy of 
his manuscript in advance of its publication, and for several stimulating 
discussions of this work. 
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FUCHSITE FROM A SILURIAN (?) QUARTZ CONGLOMERATE, 
ACWORTH TOWNSHIP, NEW HAMPSHIRE 


Tom N. Crirrorp, Harvard University, Cambridge, Massachusetts.* 


During the remapping of the New Hampshire portion of the Bellows 
‘Falls quadrangle a small pod of the emerald-green chromian muscovite 
fuchsite was discovered in the Clough quartz conglomerate (of Lower 
Silurian (?) age) within the staurolite zone of metamorphism. The oc- 
currence was 10-20 feet above the base of the formation at a locality 
some 480 yards N.52° E. from the intersection of the Acworth-Langdon 
townline with State Highway 123. 

The fuchsite is in flakes up to 1 mm. in diameter and, in the field, was 
disposed in a lenticular pod measuring 14X6X3.4 mms. (for the long, 
intermediate and short axes respectively) in the granular quartz matrix 
of a quartz-pebble conglomerate. Fine-grained chromite and quartz 
are the dominant associated impurities. 

The properties of the mica are given below. 19.3 milligrams were an- 
alyzed by Mr. Jun Ito and his results are shown in Table 1 (a) together 
with the limits of analytical accuracy imposed by the small amount of 
material. The indices of refraction were determined, under sodium light, 
by the immersion method; the 2V was measured by use of the universal 
stage; and the specific gravity was found by suspension in bromoform. 
Except for the high value for titania in the chemical analysis, these 


* Present address: Research Institute of African Geology, The University, Leeds, 2, 
England, U. K. 
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properties are closely comparable with those given by Whitmore (1946) 
and Winchell (1951). The TiO» in previously described chromian mus- 
covites has generally been discounted and the analyses recalculated on 
_ the basis that it occurs as rutile, or some other titanium mineral, in 
the analyzed specimen. Despite the fact that the TiO. in the Acworth 
_fuchsite may be extraneous, such an impurity has not actually been 
isolated and the chemical analysis is therefore presented in unmodified 
form. 

X-ray powder diffraction photographs were taken of the mica using 
Cu-radiation and Ni-filter. The powder diffraction data were kindly 


TABLE 1. PROPERTIES OF THE ACWORTH FUCHSITE 


(a) Chemical Analysis* (b) Optical Properties 
SiO; 44.4 (+0.8) Indices of refraction 
TiO, 2.17 (40.1-0.15) NNa 
Al,O3; 31.7 (by subtraction) a=1.566 
FeOs> 2 213-, ¢-021-0715) B=1.5977 +0.002 
CrO; 2.1 (+0.1-0.15) y=1.602 
FeO == Pleochroism 
MnO 0.05 (40.02) X=colorless to light emerald green 
MgO 0.7 (+0.1) Y =green 
CaO 0.1 (+0.03) Z=dark emerald green 
Na,O 1.1 (+0.05-0.1) (all in thick section) 
K;0 10-7 (0.2) 2382 1° 
H.0+ 4.7 (+40.05-0.1) Optically negative 

(c) Specific gravity=2.85 

Total 99.95 


* Analyst, Jun Ito (April, 1956). 
+ See text for further details. 


examined by Dr. H. S. Yoder, Jr., of the Geophysical Laboratory, Car- 
negie Institution of Washington. He states that in structural type the 
fuchsite compares favorably with the 2M, muscovite (Yoder and Eug- 
ster, 1955, p. 247). 

Chromian micas have been described from a variety of localities 
throughout the world and the status of knowledge of them has been sum- 
marized by Whitmore (loc. cit.) who has made a threefold classification 
of their mineral associations as follows: (a) ankerite-quartz-sulfide-gold; 
(b) biotite-actinolite; and (c) corundum-kyanite-biotite. Although he 
makes no mention of an association with quartzite or conglomerate, 
the Acworth occurrence is not unique, since fuchsite-bearing quartzites 
have been recorded by Eskola (1933) from Outokumpu, and green 
chrome muscovite has also been noted by Padget (1956, p. 80) in quartz- 
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ites and conglomerates in Norwegian Lapland. It is of interest to note 
that Dana (1892, p. 617) describes the mineral avalife, a green mica with 
a quoted Cr.O; content of 14.59% in impure material, as occurring 
‘“ in earthy aggregates of thin crystalline scales in the quartzyte of 
Mt. Avala near Belgrade.” However, the original reference of Losanitsch 
(1884, p. 1774) on that locality refers to a suite of accompanying mercuric 
minerals and the regional association of the quartz mass with serpentine, 
suggesting that the chromian mica is with vein quartz rather than 
quartzite. 

In regard to the origin, the isolated nature of the Acworth fuchsite 
and the apparent absence of an appropriate igneous source for the 
chromium indicate that the mica is metamorphic in origin, possibly 
derived from the reaction of a pre-existing chromium mineral with 
potash, alumina and silica in the host quartzite. Rankama and Sahama 
(1950, p. 623) have briefly discussed fuchsites of metamorphic origin. 

This work was carried out during tenure of a fellowship from the 
Commonwealth Fund of New York and grateful acknowledgement is 
made to them for their kindness and generosity. Thanks are also due to: 
Dr. C. S. Hurlbut for his help during the course of the laboratory work; 
to Mr. Jun Ito, who chemically analyzed the mica in the laboratories of 
the Department of Mineralogy and Petrography at Harvard University; 
and to Dr. H. S. Yoder, Jr., who examined the «-ray diffraction data. 
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DETERMINATION OF (060) REFLECTIONS OF CLAY MINERALS BY 
MEANS OF COUNTER TYPE X-RAY DIFFRACTION INSTRUMENTS 
C. I. Ricu, Virginia Agricultural Experiment Station, 
Blacksburg, Virginia. 


The position of the (060) reflection is useful in distinguishing between 
dioctahedral and trioctahedral clay minerals (1). A simple and rapid 
method for measuring this reflection with a counter type «-ray diffraction 
instrument has been tested for several standard clay minerals and those 
from soils. The basis of the method is the orientation of clay particles so 
as to emphasize scattering along the (0&0) reciprocal lattice line. The 
method orients the clay particles in only one dimension and there is 
random orientation in the other two dimensions, but the removal of one 
degree of randomness increases the intensity of the (060) reflection. 
Orientation is accomplished by sedimenting the clay on a thin aluminum 
foil, which is then mounted in a plane perpendicular to the x-ray beam 
when the x-ray detector is at zero degrees. Thus, diffracted x-rays are 
transmitted through the sample and aluminum foil. 

The sample holder, designed for the General Electric XRD-3, consists 
of a frame made of sheet aluminum, } inch thick, having outside dimen- 
sions of 1 by 13 inch and a centrally located “‘window” 3 by 1 inch. Thin 
(0.0003 inch) aluminum foil, such as is used in light-proofing x-ray cam- 
eras, is placed on the frame and folded over the sides of the frame and 
fastened to the back side with scotch tape. The foil or tape should not 
cover the back side of the “‘window.’’ One-half ml. of a suspension con- 
taining 15-20 mg. of well dispersed clay is transferred to the aluminum 
foil over the center of the window. After the suspension has dried, the 
sample is mounted 90° to the usual position so that the diffracted x-rays 
are transmitted through the aluminum foil to the x-ray detector. The 
sample is scanned between 55 and 65 degrees 26 if copper radiation is 
used. 

Heat treatment may be employed to distinguish further between some 
of the clay minerals. For instance, the (060) reflection of kaolinite is at 
1.49 A and dioctahedral illite at 1.50 A. In mixtures there may be some 
doubt as to the mineral causing a reflection in this region. The (060) re- 
flection of kaolinite is removed by heating the clay to 550° C. while that 
of illite remains. The assembly described may be heated to 550° C. and 
although the scotch tape is burned, the aluminum foil remains in place. 
There may be some loosening of the clay flake but this may be secured 
at the edges by a suitable cement. Thinner flakes are less likely to loosen 
but there is some decrease of intensity of |the reflections by reducing the 
sample thickness. 
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The optimum concentration for the clay being studied was determined 
experimentally but the clay flake thickness probably is not uniform. The 
sample occupied an area of about 2 cm.” and thus the average concentra- 
tion of clay was 7.5 to 10 mg. per cm.’. Nickel foil also was tried but this 
causes excessive background radiation. 

Typical results for a soil clay show a peak height of 180 cps (counts 
per second) at 1.50 A and a background of 60 cps. This was with copper 
radiation at 35 KV and 23 ma. The slit system was as follows: 0.2° 
detector slit, MR soller slit, and a 1° beam slit. Several reflections other 
than (060) may be obtained. Aluminum itself has few reflections and 
these do not interfere with most of those obtained with clays. Patterns 
obtained with “randomly” oriented specimens using the counter method 
gave much less distinct (060) reflections and it often was necessary to 
resort to the time-consuming powder camera technique to obtain satis- 
factory measurements. Many methods currently employed to give 
“random” orientation of clays may be open to question because of the 
parallel orientation of clay flakes on packing. This orientation probably 
often reduces the intensity for the (060) and other reflections. The pro- 
posed method takes advantage of the orienting habit of clay particles. 
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LARGE ANGULAR APERTURE AND USEFUL INTERFERENCE FIGURES 


Horace WINCHELL, Yale University, New Haven, Connecticut. 


Mineralogists and petrographers are, or should be, aware of the rela- 
tion between angular aperture of the objective and the usefulness of the 
interference figure. The angular aperture determines the distance of 
various features such as melatopes, isogyres, and bisectrices, from the 
center of the interference figure, according to Mallard’s law, D= K-n-sin 
r, where D is measured distance from the center of the field, K is an 
instrumental constant depending upon the units of measurement of D 
and upon the numerical aperture of the objective, m is the appropriate 
refractive index of the crystal and 7 is the angle between the the micro- 
scope axis and the wave-normal-direction of the light traversing the 
crystal. If R is the radius of the field of view and A the numerical aper- 
ture of the objective, then R= K- A, so that K=R/A, and Mallard’s law 


becomes D=(R/A)-n-sin r. Evidently increasing the A permits observa- 
tion of interference effects at larger angles r. 


NOTES AND NEWS 571 


Catalogs of a major manufacturer of polarizing microscopes have for 
the last months shown “recommended” sets of objectives and oculars 
without any reference to the common and widely-used 4 mm., 45x, 
A=0.85 “high-dry” objective, substituting for it an objective with the 
same focal length and magnification, but with A =0.65. The U. S. com- 
petitors of this firm now list either objective as standard equipment. It 
is my purpose to point out that the usefulness of interference figures 
obtained with an objective of smaller aperture is more limited than if 
obtained at higher aperture. This may be of minor importance in cases 
where only a crystal grain giving a well-centered figure can be used, but 
it may be very important in thin-section and in immersion work if only 
a few grains are available or in cases where well-centered interference 
figures are difficult to obtain. In these instances at least, the larger 
angular aperture of the objective with A =0.85 may permit making a 
sure interpretation of an off-center figure, whereas the one with the same 
magnification but A=0.65 would permit only a very uncertain inter- 
pretation, if any at all. It may be noted that students seem to be better 
able to interpret even well-centered interference figures obtained with 
objectives having A =0.85. The problem of distinguishing between the 
acute and the obtuse bisectrices for the determination of optic sign in 
plagioclases is especially difficult and common. It becomes trivial indeed 
if an oil-immersion objective with A =1.25 or greater is used, for both 


TABLE 1* 
isd Aperture Max. measurable 
Focal Magnifica- working 2V if B=1.55 
ore ‘cae distance Numerical Angular (eg. _ 
plagioclase) 
Dry objectives 
48 mm. 2x 52 mm. A=0.08 9° 6° 
32 4 21 10 T£.5 7.4 
16 10 4.5 a5 28.5 18.6 
8 20 1.44 50 60.0 37.6 
4 43 0.6 66 81.4 49.6 
4 43 0.3 85 116.4 66.5 
3 oy 0.2 85 116.4 66.5 
Oil immersion 
iva) 97 Osis 125 110.2 NOVAS 


* First four columns from American Optical Co., catalog, page F17; Bausch and Lomb 
Optical Co. lists essentially similar objectives. 
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melatopes would always be seen because 2H is measurable up to 110° 
(corresponding to an obtuse optic angle 2V, of about 107° for plagioclase). 
This solution to the problem is impractical because it requires using the 
messy oil-immersion system for ordinary work. A good alternative is to 
use the dry objective with largest aperture (A =0.85) as standard, not 
special, equipment. Table 1 shows some commonly available strain-free 
objectives for polarizing microscopes. 

I hope that others will join me in requesting, for good reasons outlined 
above, that the “high-dry’’ objective of 4 mm. focal length and A =0.85 
shall not be abandoned, and indeed, shall be restored to a more promi- 
nent position in the manufacturer’s catalogs. 


A new publication Hamburger Beitrdége zur angewandten Mineralogie 
und Kristalphysik is being published by Gebriider Borntraeger, Berlin- 
Nikolassee. It is edited by Fr. K. Drescher-Kaden. Series 1 (1. Folge) 
1956 is entitled ‘Festschrift zum 70. Geburtstag Hermann Rose,” and 
has 337 pages, 159 tables and 105 figures. 


It is with deep regret that we report the deaths of the following Fellows 
' of the Mineralogical Society of America. Memorials will appear in a later 
issue. 


Austin F. Rogers, March 3, 1957, at Berkeley, California 
S. James Shand, Apzil 20, 1957, at Dundee, Scotland 
John C. Rabbitt, June 10, 1957, at Washington, D. C. 


CHANGES IN COMMITTEES 


Nominating Committee for Fellows: 
R. C. Emmons replaces Ralph Holmes 
Financial Advisory Committee: 
Additional members: Arthur Montgomery and Marjorie Hooker 
Committee for Awards and Medals: 
Additional Member: A. F. Buddington 
Committee on Obtaining Aid for the Hungarian National Museum: 
I. Fankuchen, Chairman 
C. Frondel 
E. P. Henderson 
B. F. Mason 
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RESULT OF QUESTIONNAIRE 


In January, 1957 a questionnaire was sent to all fellows and members 
of the Mineralogical Society of America and to the subscribers of the 
AMERICAN MINERALOGIST. This questionnaire asked if members and sub- 
scribers would support Mineralogical Abstracts if its publication were 
undertaken as a joint effort of the British Mineralogical Society and 
Mineralogical Society of America. The following are the results of the 
questionnaire: 


1. Are you now a subscriber to Mineralogical Abstracts? 


yes 431 no 610 


2. If you are now a subscriber, in the interest of furthering mineralogy, 
will you subscribe to the new enlarged Mineralogical Abstracts to 
cost not more than $3.00 a year? 


yes 609 no 74 


3. Are you willing to prepare some of the abstracts of American litera- 
ture? 
yes 2062 no 647 


Enclosed with the questionnaire on Mineralogical Abstracts members 
and fellows of the Society also received a ballot on which they were re- 
quested to signify a preference regarding the symbols used for notation 
of refractive indices. The following are the results of that ballot: 


a, B, y—605 nz, my, 2z—66 Nx, Ny, Nz—8 Miscellaneous—47 


A summary of the information also requested on the ballot was as fol- 


lows: 
Fellows 205 Members 516 Male 687 Female 34 


Employment Major Interest 
Amateur 48 Chemistry 40 
Consultant 25 Crystallography 53 
Government 207 Engineering 15 
Industry 139 Geochemistry 73 
Museum 14 Geology 199 
College Professor 28 Mineralogy 226 
University Professor 227 Petrology 201 


Miscellaneous 55 Miscellaneous 29 
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PETROGRAPHIC MODAL ANALYSIS, by Fretrx Cuaves, xii+113 pages, John Wiley 
and Sons, Inc. New York, 1956. Price $5.50. 


This book is a forceful reminder that classic petrography is not yet static, despite the 
diluting influence of other, more recent, analytical tools. It is a particularly welcome addi- 
tion to the field of quantitative petrography, which has always been a weak link and ne- 
glected partner. Felix Chayes, of the Geophysical Laboratory, has set about to improve this 
state of affairs, and, as far as this reviewer is concerned, has succeeded admirably. 

It is a small book, measured by the space it requires on a library shelf; its quality, how- 
ever, is inversely proportional to its size. Modal analysis of rock thin sections has long 
been in need of a thorough overhaul and the author of this book is preeminently qualified to 
do the job. Over a period of about ten years Chayes has worked almost exclusively on modal 
analysis problems and has successfully set them up in a logical statistical framework. Some 
of his work has already appeared in print, but this book contains much that is new and not 
heretofore published. 

Organization of the material into book form was stimulated by a graduate seminar 
which the author was invited to give at the California Institute of Technology in 1955. For 
their indirect help in inspiring Chayes to publish his work the sponsors of this seminar are 
to be congratulated. 

In the Introduction the author lists the principal problems of modal analysis as 

1) the equivalence of areal and volumetric proportions 

2) the reproducibility of estimates of areal proportions 

3) the sampling efficiency of thin sections. 

Chap. 1 is concerned with the geometrical basis of modal analysis, the contrast between 
bias and consistence, and the fundamental Delesse relation between area and volume. Much 
petrographic underbrush is tidied up here. 

Chap. 2 is the first rational discussion known to this reviewer of modal analysis of 
banded rocks. It is clearly shown that “the consistence of estimates of volumetric propor- 
tions based on areal measurements is not in any way influenced by the presence (or ab- 
sence) of orientation. What is affected by orientation is the random analytical error.’” 
Chayes demonstrates how this error can be kept toa minimum. 

Chap. 3, on methods of measurement, includes Chayes’ own contribution to the instru- 
mentation of modal analysis, an inexpensive point counter combining both speed and effi- 
ciency, which has worked a minor revolution in quantitative petrography. 

Chapters 4, 5, and 6, on the reproducibility of thin-section analysis, identification and 
tabulation conventions, summarize investigations already in print. One fairly compre- 
hensive test by five operators, each measuring five sections cut from the same specimen, 
analyzes the error arising between operators and between sections, with a remainder which 
is purely a counting or reproducibility error. 

Chapters 7 and 8, on the relation of grain size to measurement area, are at the heart of 
modal analysis problems. On their evaluation depends our estimate of analytical error, or 
the uncertainty between the thin section analysis and the true modal composition of the 
parent rock. 

Chapter 9 gives a practical solution to the difficult problem of reducing grain size to 
quantitative terms. An impressive series of measurements is described as a test of the 
method proposed by the author. Through an oversight, the caption for Table 9.1 (p. 74) is 
incomplete. The additional statement—1C/25 mm—is needed here. 
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In Chapter 10 we find the distilled product of all that has gone before. With a means of 
evaluating grain size, how many thin sections need be measured to keep analytical error 
below some predetermined level? For a given measurement area per section a plan for 
modal analysis can now be set up which takes care of the grain size problem and at the same 
time keeps within the desired limits of analytical error. 

Chapter 11 deals with the troublesome problem of overestimation of areas of very fine- 
grained constituents, or the so-called Holmes effect. This is a function of thin-section thick- 
ness, and no practical solution is available at present. 

There are two appendices—one listing useful statistical references, the other outlining 
one of the calculations used in Chapter 2. 

Although the present reviewer is not qualified to pass judgment on the merits of various 
statistical approaches which might be useful in modal analysis, he is confident from personal 
knowledge that Chayes has explored the possibilities very thoroughly with colleagues expert 
in statistical analysis. The result is a mature, consistent, presentation for which every 
petrographer should be grateful. 

Insofar as a review is expected to contain at least some adverse comment, this one must 
be considered a failure. Chayes’ book, unlike other petrographic texts, has neither prede- 
cessor nor competitor, so that there is nothing to compare it with. The reader who is totally 
uninformed in statistical matters will undoubtedly complain about this aspect of the work, 
but this is scarcely the fault of the author, as all investigations in quantitative petrography 
demand statistical treatment. 

The book is well planned and edited, and attractive in format. Chayes’ distinctive prose 
style, to the point, in places entertaining, will be familiar to readers already acquainted 
with his work. The book deserves a prominent place on every petrographer’s bookshelf. 

H. W. FarrBarrn 
Mass. Inst. Technology, Cambridge, Mass. 


THE BARKER INDEX OF CRYSTALS: A MeEruHop FoR THE IDENTIFICATION OF Crys- 
TALLINE SUBSTANCES, by M. W. Porter and R. C. Sprtter. Volume II, Monoclinic 
System. Bound separately in three parts, each 7.5X10 in. Part 1, Introduction and 
Tables, v-+383 pp., 43 figures. Part 2, Crystal Descriptions, viii+760 pp. Part 3, viii 
+686 pp. Cambridge. W. Heffer and Sons, Ltd., 1956. Price £10, for the three parts. 


In the first volume of this monumental work, the elegant method of T. V. Barker (1930) 
for identifying a crystal from its interfacial angles is explained in detail, and determinative 
tables are given for the tetragonal, hexagonal, trigonal, and orthorhombic systems. With 
Volume II, the ‘Barker Index ’ is extended to the monoclinic system; this is to be followed, 
sometime in the future, by a volume for the triclinic system. 

The comprehensive reviews of Volume I, by J. D. H. Donnay (1952) and C. W. Wolfe 
(1952), make unnecessary here any detailed discussion of the general scope of the work, and 
the history and mechanics of the Barker method. I wish to add my voice to those of Profes- 
sors Donnay and Wolfe in praising the authors and their collaborators for their herculean 
efforts. 

Part 1 of Volume II contains a detailed discussion (47 pp., 43 fig.), by M. H. Hey, of 
‘the rules for the Barker method appropriate to the monoclinic system. A treatment is in- 
_ cluded on the operations of measurement, projection, and indexing, especially as applicable 
to monoclinic crystals. Nineteen examples of difficult crystals, having under- or overdevel- 
opment of faces, are worked out for the reader. 

Some 3500 monoclinic crystals, constituting 52% of the measured crystals, are treated 
in Volume II. Tables are given in Part 1 listing the substances according to their classifi- 
cation angles, according to the sequence in which they are described in Parts 2 and 3, in 
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alphabetical order of their chemical and mineralogical names, and in alphabetical order of 
the Groth chemical names. Tables of refractive indices, densities, and melting points are 
also given. Barker’s table of multiple tangents is reprinted. 

Parts 2 and 3, constituting roughly five-sixths of the volume, contain the crystal de- 
scriptions. These descriptions follow essentially the same scheme as that used in Volume I. 

A “Brief Directions for Using the Barker Index, Volumes I and I,” anda “Corrigenda 
and Addenda” for both volumes, have been bound into Part 1, Volume II. The number of 
errors listed is surprisingly small, attesting to the great care with which this work was put 
together. A leaflet intended for insertion in Volume I is included with Volume II. This gives 
brief directions for the use of the Index, and the corrigenda and addenda to Volume I. 

It is obvious that the authors and the publishers have given to the present volume the 
same meticulous attention to detail that they lavished on the first volume of the Index, and 
consequently have produced the same excellent results. 

As was pointed out by Donnay, the Barker Index contains a vast amount of data on 
compounds for which there are no x-ray results. Because of this it will be very useful to all 
those who work with crystals, however they designate their profession and regardless of the 
techniques they use to study crystals. 
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ARIZONA’S METEORITE CRATER, PAST-PRESENT-FUTURE. H. H. NinInGER. 
232 pages, 47 plates. Published by the author; American Meteorite Museum, Sedona, 
Arizona. 1957. Price $3.75. 


This book reviews the exploration as well as the studies and controversies about this 
crater. The writer’s life has been closely connected with this meteorite crater and he has 
collected and examined much material from there. It was an appropriate undertaking for 
this author to record his studies and conclusions about the Arizona Crater in a book for the 
general public as well as for those who are professionally interested in meteorites. 

The book is divided into two parts. Part one deals with the Discovery and Exploration. 
Part two contains chapters with headings such as: A New Approach, Condensation Prod- 
ucts, Impactite, Observations on Diamonds, and Future of Crater. There are other sec- 
tions such as references to plates, bibliography and index. 

Under the heading ““A New Approach” the author begins to mention his observations 
and findings. In this section there are some headings which should be listed in the Table of 
Contents. Such topics as, ‘Problems of the Northeastern Rim Concentration,” “The 
Swarm Theory,” “The Formation of the Crater,” and ‘Shale Balls” are important parts 
of this book and are somewhat lost when included under the heading, ‘““A New Approach.” 

Nininger in 1939 planned a field survey for fragments which were “too small to attract 
attention” of the early collectors. This work showed no meteoritic material existed farther 
than 22 miles from the crater rim. He found an elongated area stretching southwest from 
the crater rim which contained “twisted and gnarled forms,” of meteoritic iron. 

In 1948 a magnetometer survey was made with east and west traverses crossing the foot 
of the southern rim and also across the northern rim. He describes these, “. . . several local 
anomalies were encountered and in each case a five foot interval grid established that the 
seat of the disturbance was extremely concentrated and at no great depth.” 
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The author found 6,000 specimens on the outer slopes at the northeast rim; the largest 
two pieces weighed 17 and 15 pounds. The average weight of the specimens collected was 
approximately 4 ounces. Nininger’s field studies showed the irons found near the crater were 
thermally altered and lacked a Widmanstattan pattern. 

Nininger observed distinctive differences in some irons from the crater and assumed a 
group of several meteorites fell at the time the crater was formed. In 1952 this author pub- 
lished “Out of the Sky,” in which he discussed the idea of a compact swarm of meteorites 
falling and defined a compact swarm as made up of members not all of which have a com- 
mon origin. In the earlier book he said, “‘. . . Evidence of the composite nature of the swarm 
has been recently found in the form of several atypical irons.” 

In the last book the author says, “. . . Our studies . . . have shown positive evidence 
that more than one mass arrived from space but we can not find evidence to support the 
idea of a sufficient number to be termed a swarm.” Nininger further states, “. . . There 
seems to be no reason why all members should conform to a single pattern of structure and 
the Canyon Diablo meteorites do show a considerable range of structure within a single 
large mass and a corresponding range between the individual small masses.” “‘. . . one 
would hardly be justified in calling the colliding mass a swarm; a group or a system, yes, 
but not a swarm.” 

The author devotes 53 pages to “Condensation Products,” “Small Pellets’? and ‘‘Im- 
pactite.” These are contributions to our knowledge about this crater that he has made. The 
metallic pellets are widely scattered on the outer slope of the crater rim. These are scattered 
a mile to the southwest of the crest of the rim and an equal distance to the northeast. 

An analysis of the metal shows nearly 2.4 times as much nickel and about 4 times as 
much cobalt as occurs in the Canyon Diablo meteorites. Thus, he argues that these cannot 
be strippings from the meteorite and assumes they are condensation products from a vapor 
cloud of atoms, each element segregating and uniting with microdroplets of the same kind 
in the vapor cloud. 

Nininger measured the quantities of spheroids or pellets in 60 locations within 13 miles 
of the crater. He estimated between 4,000 and 8,000 tons of these existed in the upper 4 
inches of soil within a 23 mile zone of the crater. 

Nininger found small meteorite fragments which he called Sluglets. These resemble 
miniature meteorites and after their oxide film was removed the metal was found to contain 
6.5% nickel and 0.38% Co. Since the chemical composition is very similar to the composi- 
tion of the Canyon Diablo meteorites these obviously are not condensation products. 

Vesicular siliceous glassy objects, called Impactite, were found at other meteorite 
craters by investigators but Nininger was the first to find such objects at the Arizona crater. 
He estimates the quantity of impactite in certain areas would be between 50 and 162 
pounds per square yard. 

Nininger says that diamonds, ‘“‘carbonado bearing inclusions,” in the Canyon Diablo 
samples may be expected in a frequency of 1 to every 32 square inches of finished surface. 
He also says the findings of diamonds was limited to irons that showed evidence of being 
heated above 760° C. and asks if diamonds formed on impact with the ground. 

The reviewer believes that this book should have contained a discussion of the geology 
of the crater and a labeled cross section of the rocks exposed. The book could have been 
improved if it had been more critically edited. In places it is difficult to follow the author’s 
thinking. 

Nininger concludes the book with two chapters, one on the Future of the Crater in 
which he pleads for it to be made into a National Monument or a Park and in the other 
chapter, he makes 28 suggestions for future research at the crater. 
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This is the best of the Nininger books. It gives the general public interesting facts about 
the celebrated Arizona meterorite crater. 
E. P. HENDERSON 
U.S. National Museum, Washington 25, D. C. 


SEDIMENTARY ROCKS, 2nd Edition, by F. J. Perrrjoun. 718 pages, 40 plates, 173 fig- 
ures, 119 tables. Harper and Brothers, New York. Professional Edition, $12.00. Text 
Edition, $9.00. 


The first edition of Sedimentary Rocks by Professor Pettijohn, which was reviewed in 
The American Mineralogist, 34, 764-765, 1949, has been so favorably received, both as a 
reference and text book, that the enlarged and revised second edition, strengthened in many 
respects, is doubly assured of maintaining its position as the outstanding English source 
book on sedimentary petrology. 

Although the general format of the book remains unchanged, the work has been com- 
pletely rewritten and considerably expanded (718 vs. 526 pp.). Of the figures 77 are new, 
and the 40 excellent collotype plates include over 100 illustrations. Essentially new material 
is contained in sections dealing with geochemical evolution of sediments, their depositional 
environments, and the representation of their vector properties. Descriptions both of rock 
types and sedimentary processes are quantitative in treatment. References, profuse and 
pertinent, are collected as classified bibliographies at the ends of chapters and at other ap- 
propriate places. The book in every way is an excellent account, concisely written, both of 
the descriptive petrography and the genetic petrology of sedimentary rocks. For those few 
readers not acquainted with the scope of the work, the list of chapters is as follows: 1. In- 
troduction. 2. Textures. 3. Composition of Sedimentary Rocks. 4. Structures. 5. Classifi- 
cation and Nomenclature. 6. Gravels, Conglomerates, and Breccias. 7. Sandstones. 8. Shales, _ 
Argillites, and Siltstones. 9. Limestones and Dolomites. 10. Nonclastic Sediments (Exclud- 
ing Limestones). 11. Provenance (And Mineral Stability). 12. Dispersal. 13. Depositional 
Environments. 14. Lithification and Diagenesis. 15. Historical Geology of Sediments. 

E. Wn. HeErnricu 
University of Michigan 
Ann Arbor, Michigan 


METEORITES IN THE COLLECTIONS OF YALE UNIVERSITY, POSTILLA NO. 
27, Yale Peabody Museum, Kurt Servos. Published September 28, 1956. 


This catalog lists 404 meteorites and 17 thin sections of stony meteorites as well as some 
tektites and impactite. The catalog contains no synonyms nor references to the literature. 
Apparently the Peabody Museum has the largest meteorite collection of any university in 
this country. 

Epwarp P. HENDERSON 
U.S. National Museum, Washington 25, D. C. 


ROCKS AND MINERALS, by Ricuarp M. Prart. Barnes and Noble, Inc., New York, 
1956. x+275 pages, 35 figures, 12 colored plates. Price $1.95. 


This paper-bound book is No. 260 of the Everyday Handbook Series, whose purpose is 
to summarize popular subjects for students and laymen. Although different in scope and 
purpose, Rocks and Minerals contains much material revised from the earlier (1955) How 
to Know the Minerals and Rocks (review by Earl Ingerson, Am. Mineralogist, 40, p. 1147). 
The text under review has been more carefully prepared, edited, and illustrated (especially 
the line drawings of crystals) than the earlier book. 


The color plates depicting fluorescence of minerals are improperly arranged. As the 
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plates are now arranged, there are three separated pictures with different titles for one 
specimen of scheelite. “Fluorescent Minerals” and “Minerals in Ultraviolet Light” should 
be paired for comparison. Franklinite is apparently labeled as fluorescent in one plate. 

All errors have not been eliminated. On page 51, line 18 should read “the unit cell of 
halite consists of 4 ions each of Na and Cl,” rather than “14 Na and 13 Cl.” 

In the discussion of jade on page 137 there is no mention made of Meso-American jade 
and its occurrence in Guatemala (Foshag, W. F., Am. Mineral., 40, p. 1062). 

On page 173, line 12, the impression is given that the Kokomo meteorite was recovered 
from a well, whereas it was uncovered in digging for a well at a depth of two feet. 

“Florite” for “fluorite” in Figure 1 and “1877” for “1837” on page 47, line 7, are the 
only two typographical errors noted. 

Apart from these and a few other technically debatable points, Rocks and Minerals will 
provide hours of entertaining and profitable reading for amateur collectors and laymen. 
Simple tests, properties, classifications, and origins of minerals and rocks are woven to- 
gether with threads of interesting and odd facts about the mineral kingdom. Gems, me- 
teorites, radioactive and fluorescent minerals are given special attention. A rather brief 
glossary is appended. Two final chapters on collections and magazines and books should be 
useful to the new friends of rocks and minerals which this book should win. 

Ricwarp D. Erp 
U.S. Geological Survey, Claremont, California 


GEOLOGIA DE LAS CUENCAS SEDIMENTARIAS DE VENEZUELA Y DE SUS 
CAMPOS PETROLIFEROS, by G. A. Younc, A. Betiizzia, H. H. Renz, F. W. 
JouHNSON, R. H. Rosie, anp J. Mas Var. Repub. Venez, Minist. Minas e Hidrocarb., 
Dir. Geol., Bol. Geol., Special Publication No. 2, 140 pp., Caracas, 1956. 


For each of the four basins of Venezuela a concise description of the stratigraphy is given 
and an account of the structure and tectonics for the better known ones; also, a discussion 
of the development of the petroleum industry, or the petroleum possibilities, where there is 
actual or potential production of oil. 

The fourteen principal oil fields of the country are briefly described, with maps, sections, 
and stratigraphic charts. 

A short supplementary section outlines the methods of exploration and development 
that have been employed in the Venezuelan oil fields. 

Ear INGERSON 


HOW TO PROSPECT FOR URANIUM, by Husert Lioyp Barnes, x+117 p., 8 tables 
5 figures, 6 appendixes. Dover Publications, Inc., New York, 1956. Paper bound, price 
$1.00. 


The avowed intent is to provide guidance for the intelligent layman interested in 
uranium prospecting. As such, the book is as successful as the two sources from which it is 
derived essentially verbatim, namely, the well-known Government publications, ‘“‘Prospect- 
ing for Uranium” and “Prospecting with a Counter.” Handily, the book combines these 
two useful publications within one cover. 

Frank W. STEAD 
U. S. Geological Survey, Denver, Colorado 


NEW MINERAL NAMES 
Painite 


G. F. CLartncButL, Max H. Hey anp C. J. Payne, Painite, a new mineral from Mogok, 
Burma. Mineralog. Mag. 31, 420-425 (1957). 


A single terminated transparent garnet-red gem weighing 1.7 g. proved to be a new 
mineral. Analysis was made in duplicate on portions of 38 and 17 mg. and determination of 
BO; on a separate portion of 18 mg. These gave Al,Os 76.2, SiO» 5.6, B2O3 2.2, CaO 15.7, 
H.0 0.7, sum 100.4%. This gives for the unit cell content Al 20.20+0.14, Si 1.2640.11, 
B 0.85+0.12, Ca 3.78+0.05, O 37.88+0.22, suggesting CasSiBAlso, which would require 
Os7.5. Painite is insoluble in acids, only slowly attacked by fusion with NazCO; or Na2S207. 

Weissenberg photographs showed the mineral to be hexagonal, space group P63, P6;/m, 
or P6; 22. The unit cell dimensions are a 8.725+0.005, ¢ 8.46+0.01. The crystal has a 
pseudo-orthorhombic appearance; the faces a {1010}, m {1120} are well developed and 
large; c {0001}, o {1121}, p {1122}, q {2021}, rv {1011}, and s {1012} are matte with rounded 
edges. The prisms k {1230} and / { 1340} give good reflections, but are narrow. 

The mineral is uniaxial, negative with ns (Na) O 1.8159, e 1.7875; pleochroic ruby-red 
parallel to c, pale brownish-orange perpendicular to c. D. of entire crystal by hydrostatic 
weighing in ethylene dibromide 4.01+0.01. The crystal had inclusions, but the d. of an 
inclusion-free fragment by flotation in Clerici solution was 4.00+0.02. Hardness about 8. 

Indexed x-ray powder data are given. Lines given as VS are 5.76 and 2.520, as S 3.70, 
2.370, and 2.008. 
The name is for Mr. A. C. D. Pain, ‘the enthusiastic gem collector who first recognized 
* the unusual nature of the crystal.” 
MicHArEL FLEISCHER 


Kingite 
K. Norris, LItian E. R. RoGERS AND R. E. SHAPTER, Kingite, a new hydrated aluminium 


phosphate mineral from Robertstown, South Australia. Mineralog. Mag. 31, 351-357 
(1957). 


The mineral occurs as white nodules up to 2 inches in diameter, coated and veined by 
brown powdery material found to consist of talc, quartz, and NaCl, with possibly a little 
gypsum and hematite or goethite. The nodules yield a soft white fine-grained powder, 
mean 1.514, d. (pycnometer) 2.21, 2.30, 2.30. Analysis gave Al,O; 31.92, P.O; 28.63, NaxO 
0.47, K,O 0.01, F 0.84, Cl trace, loss at 110° 2.71, loss on ignition 36.52, insol. 0.02, 
sum 101.12% less (O=2F) 0.35, =100.77%. This corresponds to Al3(POs)2 (OH, F)3:9H.0. 
A dehydration curve shows a loss of 10% up to 160° and the formation of a new phase called 
meta-kingite, nearly Al;(PO,)o(OH, F)3-4H2O. Further loss of H»O gives an amorphous 
phase and the cristobalite-like form of AlPOx, begins at 410° and continues to high temper- 
atures. A DTA curve shows a large endothermic peak at 200-300° and a broad exothermic 
peak (recrystn?) at 600-700°. X-ray powder data are given, strongest lines are 9.1 100, 3.45 
80, 3.48 65, 5.28 52. The x-ray pattern differs from those of sterrettite and wavellite. 

The mineral is considered to be of supergene origin. It has also been found in Precam- 
brian sediments near the Clinton phosphate workings, 64 miles west-south-west of the first 
deposit. 


The name is for D. King, Geologist, Department of Mines, South Australia, who first 
collected the mineral. 
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Discusston—This is close in composition and to material described as planerite by 
Leitmeier, Zeiis. Krist. 55, 362-371 (1916) from near Jakubeny in Bukovina. Another, 
somewhat different analysis of material from Jakubeny was given by Grosspietsch (Ver- 
handl. Geol. Reichsanstalt Austria 1919, pp. 149-155), Min. Abs. 1, 261-262 (1921). The 
original planerite from the Urals differs considerably from these and from kingite and none 
of these has been studied by «-ray methods. 

M. F. 


Magnussonite 


O. Gasrretson, Magnussonite, a new arsenite mineral from the Langban mine in Sweden. 
Arkiv mineralogt och geologi 2, 133-135 (1957). 


The mineral occurs as fine-grained incrustations in fissures, usually in dolomite impreg- 
nated by hausmannite or in fine-grained hematite with calcite, trigonite, dixenite, brown 
manganiferous serpentine, and an unidentified black mineral (n=1.55) that contains Fe, 
Mg, Cu, and Si. The mineral is grass-green to emerald green, sometimes blue-green. Streak 
white. Luster vitreous. H. 33-4, G. 4.30 measured, 4.23 calcd. Isotropic, m 1.980+0.005, by 
the immersion method. 

Analysis by R. Blix gave MnO 47.24, MgO 1.47, CuO 2.07, As.»O; 43.49, H.O 1.16, Cl 
0.84, insol. (barite) 3.68, sum 99.95 less (O=Cl) 0.19=99.76%, corresponding to (Mn, 
Mg, Cu); (AsOs)3 (OH,Cl). Indexed x-ray powder data give a 16.05+0.05 A.; Z=16. The 
strongest lines are d 2.85 10, 3.12 3, 2.47 3, and 1.742. 

The formula is similar to that of finnemanite, Pb; (AsO;);Cl, but the latter mineral is 
hexagonal. 

M. F. 


Honessite 


ALLEN V. Hey1, CHARLES MILTON, AND JOSEPH M. AxELrRop, Nickel minerals from near 
Linden, Iowa County, Wisconsin. Bull. Geol. Soc. Am. 67, 1706 (1956) (abstract). 


The name honessite is given to a green or brown powdery hydrous basic sulfate of nickel 
and ferric iron (no analysis given). It is extremely fine-grained and obscurely fibrous; mean 
n 1.615, double refraction very low. The x-ray pattern (not given) shows broad lines not 
referable to any known mineral. The mineral is an alteration product of millerite. Named 
for Arthur P. Honess, 1887-1942, formerly professor of mineralogy at Pennsylvania State 


College. 
M. F. 


Zirconolite 


L. S. Boroptn, I. I. NazareNnxKo and T. L. RicHTEeR, The new mineral zirconolite—a com- 
plex oxide of the AB;O; type. Doklady Akad. Nauk S.S.S.R. 110, 845-848 (1956) (in 
Russian). 


The mineral occurs in irregular masses up to 1 cm. and in imperfect octahedra. Color 
brown to black, streak brownish-yellow. Cleavage absent, fracture irregular or conchoidal. 
G. 4.017 (grayish-brown) to 4.237 (dark brown). In thin section yellowish or brownish, iso- 
tropic, 2 2.06+0.005 (brown) to 2.17+0.03 (dark brown), shows different tints even in 
single grains, being lighter on the periphery and along cracks. 

The mineral is metamict, giving no «-ray pattern. Samples heated at 600° and 800° did 
not give good patterns, but heating at 1000° for 2 hours gave the same spacings for dark 
and light varieties. The strongest lines are, in A., 2.914 10, 1.980 9, 1.792 9, 2.506 4, and 
3.176 3. These differ from the lines of ZrO: or the modifications of TiOz. The D. T. A. curve 
shows a sharp exothermic break at 750-800°. 
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Analyses (by LI.N.) of dark brown and light brown varieties gave TiOz 31.69, 29.91; 
ZrO» 32.84, 31.17; Nb:O; 3.26, 2.86; Fe20; 5.49, 4.60; ALOs 1.03, 1.04; MgO 0.45, 0.50; 
FeO—, 0.36; CaO 11.05, 10.79; UsOs 1.53, 1.75; ThO2 0.58, 0.46; Ce2O;, etc. 6.22, 6.00; 
MnO 0.06, 0.13; NasO 0.37, 0.46; SiO» 2.05, 4.50, loss on ignition 3.35, 5.66, sum 99.97 
(given as 99.98), 100.19% (given as 100.20). X-ray spectroscopic analysis of the rare earths 
by R. L. Barinsky gave CeO; 2.5, NdO3 2.0, Sm20s 0.7, Gd2O3 0.4, Pr2O; 0.3, La2Os; 0.2, 
Y, Eu, Tb, and Dy present in hundredths of a per cent. The analyses correspond closely to 
the formula AB,O;, where A=Ca, Ce, etc., Na, U, Th, and Mn, and B =Ti, Zr. Fe*?, Nb, 
Al, and Mg; the formula may be simplified as CaZrTi,O;. The water is lost gradually up to 
700°. The mineral is decomposed by hot hydrochloric and sulfuric acid. 

The mineral is very close in composition to the “zirkelite” from Ceylon described by 
Blake and Smith, see Dana’s System, 7th Ed., Vol. I, p. 741, the Ceylon material containing 
more U and Th and less rare earths. 

The mineral occurs in a pyroxenite massif (no locality is given) in metasomatic pyroxene 


—amphibole— calcite rock containing also perovskite and sphene. 
M. F, 


Ferroferrimargarite 


A. I. Gryzpurc, A new mineral of the brittle mica group. Trudy Mineralog. Muzeya, Akad. 
Nauk S.S.S.R.7, 70-75 (1955) (in Russian). 


The mineral occurs as dark blue incrustations on feldspar and smoky quartz and in 
miarolitic cavities in the Murzink pegmatite, Urals. Similar material, not studied, has been 
noted from pegmatites of Tokyo Province, Japan, and the Gorikko region, central Mon- 
golia. Color blue to dark blue, luster dull to greasy. Under the microscope consists of ag- 
gregates of fine mica-like scales. Weakly pleochroic, colorless to gray or bluish. Optically 
biaxial, positive, 2 V about 20°. Blue material had ms, a 1.645, y 1.649. Microchemical 
analyses by R. E. Arest-Yakubovich gave for blue and light-blue varieties: SiO. 30.91, 
32.67; Al,O; 35.62, 32.03; Fe2O; (total Fe) 17.37, 16.62; FeO not detd.; MgO 2.47, 3.65; 
CaO 6.97, 10.47, total H:O 6.97, 4.64, sum 100.31, 100.08%. Spectrographic analysis 
showed also Mn (medium), Ti, Be (weak), Na, Cu, Zn (traces). Insoluble in acids, infusible 
before the blowpipe, turns brown when heated. A D.T.A. curve shows only one break—an 
endothermal break at 990°. 

Assuming that FeO is present, filling the Ca position, the analyses were recalculated to 


(Cao.52Fe’’o.48) (Mgo.26Fe’’o.g0Al1.18) (Siz.19A1, 31010) (OH): -0.65H;0 and 
(Cao.7sFe’’o.22) (Mgo.ssFe’’o.73\lo.96) (Siz.2sAl1.72010) (OH)2- 0.09H,0. 


X-ray powder data by N. N. Sludsko are given. The strongest lines are 2.573 and 2.041 vs, 
4.231, 3.938, 3.484, 2.945, 1.915, 1.651, 1.594, 1.450, 1.186, 1.151 s. (These do not agree well 
with margarite. M. F.) 
Discuss1on.—Appears to be an unnecessary name for ferroan margarite. 
M. F: 


Alumoferroascharite 


D. P. SerpyucHEeNKO, Alumoferroascharite—a new mineral. Zapiski Vses. M ineralog. 
Obshch. 85, No. 3, 292-296 (1956). (in Russian). 


The mineral was found as blue-gray aggregates of finely fibrous material formed by the 
replacement of ludwigite in a skarn in southern Yakutia and is itself replaced by snow-white 
szaibelyite (ascharite). Analysis by T. A. Malomakhova (B by E. B. Evdokimoy) gave 
Si02 0.90, TiOz 0.14, B20; 25.98, Al,Oz 6.47, FesO; 4.30, FeO 8.79, MnO 0.14, MgO 35.32, 
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CaO none, NazO 1.46, K:0 none, F 0.16, H:O to 105° 1.69, H.O to 240° 4.00, H.0+ 10.32, 
sum 99.67%. This corresponds to 10 (Mg, Fe)O-4B.0s: (Al, Fe)203: 5H20 with Mg:Fe’”’ 
=7:1 and Al:Fe’’ ’=3:1, or after deducting serpentine, to 2 (Mg, Fe)O- (B, Al).O;: 2H20, 
that is szaibelyite with B partly replaced by Al, Mg by Fe’’, and with excess HO. The 
mineral is optically negative with ns @ 1.587 +0.002, 8 1.670+0.004, y 1.685+0.002, 2V 
44° (calcd). Indices and birefringence are higher than for szaibelyite. The D.T.A. curve 
shows a large endothermal break at 600—680° and smaller ones at 240—260° and 420-470° 
X-ray powder data agree well with those for normal szaibelyite. 

Discusston—The D.T.A. curve suggests the presence of hydrous impurities. The 
optical data show that there is isomorphous substitution, yet the presence of fine grained 
magnetite in the analyzed sample is not excluded. Even if the analysis represents the com- 
position of a pure mineral, however, the name is an unnecessary one for ferroan aluminian 
szaibelyite. 

M. F. 


Arsenate-belovite, Phosphate-belovite 


L. K. Yaxnontova anp G. A. SmoreNKO, A new mineral—arsenate-belovite. Zapiski 
Vses. Mineralog. Obshch. 85, No. 3, 297-302 (1956) (in Russian). 


The name belovite has been given to two distinct minerals: (A) in a preliminary report 
(1953) to a calcium magnesium arsenate (see Am. Mineral. 40, 552 (1955), and (B) in 1954 
toa Sr-rare earth member of the apatite group (see Am. Mineral. 40, 367 (1955)). The paper 
by Y. and S. describes mineral A and suggests that it be named arsenate-belovite, with 
mineral B to be named phosphate-belovite. 

Three analyses by A. N. Bukin of white, rose-colored, and greenish material gave SiO» 
0.14, 0.08, 0.33; AlsO; 0.44, 0.12, 1.83; Fe2O; 0.21, none, 0.91; MgO 9.39, 10.53, 9.07; CaO 
27.20, 28.11, 26.08; MnO 0.03, none, none; C,O none, 0.64; trace, NiO none, none, 0.75; 
As2O5 52.51, 50.91, 51.85; H2O7 1.26, 1.82, 0.44; H.Ot 7.93, 7.75, 8.18; F 1.12, 1.08, 1.88, 
sum 100.23, 101.04, 100.28%—(O = F») 0.47, 0.46, 0.58=99.76, 100.58, 100.24%. The rose- 
colored sample contained a slight admixture of erythrite. The analyses correspond to 
CasMg(AsOx)2-2H2O. However, the presence of fluorine and the dehydration study, which 
showed that nearly all the water is lost above 420°, causes the authors to write the formula 
as HeCaesMg- (AsOy)2(OH, F)o. 

The mineral occurs as colorless prismatic crystals in the zone of oxidation of cobalt 
arsenide deposits (locality not given M.F.). It is optically positive, N’g 1.698-1.704, N’p 
1.678-1.697, c:N’g 12-15°. Polysynthetic twinning was observed. Crystallographic data, 
hardness, and G. are not given. X-ray powder data are given and compared with those they 
give for “‘sorelite.” 

Discussion—Apparently a valid species, but the data are insufficient to determine 
whether it belongs to the monoclinic roselite group or the triclinic fairfieldite group. The 
nomenclature is entirely unsatisfactory. Minerals with names such as arsenate-belovite 
and phosphate-belovite ought to be isostructural. The arguments by Y. and S. that they 
are related are entirely unconvincing. It would be very desirable that some group such as the 
Academy of Sciences, U.S.S.R., decide which of these two minerals is to be named belovite 


and an entirely different name should be assigned to the other. 
M. F. 


Kurumsakite 
E. A. Anxrnovicu, Izv. Akad. Nauk Kazakhstan SSR, No. 134, Ser. geol. No. 19; p. 116 
(1954); from an abstract by E. N. Bohnshtedt-Kupletskaya in Zapiski Vses. Mineralog. 
Obshch. 84, No. 3, pp. 343-344 (1955). 
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The mineral occurs in bituminous schists of Kara-Tau as radiating—to finely-felted 
fibers on the walls of cavities and open fissures. Microchemical analysis by T. I. Gurkin 
gave SiOz 13.82, AlO; 20.51, FeO; 2.15, V205 8.50, ZnO 17.55, CuO 3.05, NiO 7.33, MgO 
0.92, CaO 1.24, HxO +23.25, SOs 1.15, sum 99.47%, corresponding to the formula 8 (Zn, Ni, 
Cu) 0.4 ALOs° V205: 5SiO2: —27H20 (after deducting gypsum? M.F.), Color greenish-yellow 
to bright yellow, luster vitreous to silky, sp. gr. 4.03. Optically biaxial, positive, 2V about 
35°, w 1.616, y 1.622-1.623, extinction parallel, elongation positive. Orthorhombic? The 
strongest x-ray lines are 1.53, 3.91, 2.61, 1.28 (A., kX?). 

The name is for the locality (not given in abs.) 

M. F. 


Karpinskite 


I. A. RUKAVISHNIKOVA. Some magnesium-nickel hydrous silicates of the Nizhne-Tagilsk 
serpentine massif. Kora V yvetrivaniya (The crust of weathering), 2, 124-178 (1956) (in 
Russian). 


The mineral occurs as colorless to light blue to deep greenish-blue veinlets in ‘‘Keroli- 
tized” serpentinites. It is dense, cryptocrystalline, with dull to weakly greasy luster. H. 
23-3, G. variable, 2.63 for deeply colored, 2.53 for lighter material. Under the microscope, 
it appears well-crystallized in plates and monoclinic prisms, 0.3-0.8 mm. long. Pleochroisim 
absent. Biaxial, negative; some sections show parallel extinction, others have c:‘Ng=12°. 
Elongation positive. Indices of refraction variable; for deeply colored, Np=1.570, Ng 
= 1.594; for paler samples, Np=1.553, Ng =1.569. 

Analysis by A. I. Pokrovskaya gave SiOz 47.55, AlsO; 0.48, MgO 17.56, NiO 21.12, CaO 
0.80, Cu 0.01, HxO~ 3.50, H2Ot 6.50, loss on ignition 2.30, sum 99.82%. This corresponds to 
(Mg, Ni)2 Six0;(OH)s with Mg: Ni=0.435: 0.285. A D.T.A. curve shows endothermic effects 
at 105-150°, 550-625°, and 840-910°, very similar to that of montmorillonite. Dyed deep 
_ blue by the addition of benzidine, but differs from montmorillonite in that the spectral 
transmission curve given with methylene blue is not displaced by the addition of KCl. X- 
ray powder data are given; the strongest lines are for deep greenish-blue material: 11.00, 
7.71, 4.76, 3.75, and 1.555. Differs in some respects from nepouite, nickelian a-kerolite, and 


nickelian montmorillonite (described in the same paper with NiO up to 28.07% and Ni: Mg 
up to 0.374:0.387). 


The name is for A. P. Karpinsky. 

Discusst1on—A thorough overhaul of the nomenclature of the hydrous magnesium and 
nickel silicates must await detailed study. This mineral should not be confused with the 
recently named karpinskyite, see Am. Mineral. 42, 119-120 (1957). 


M.-F. 
Stilleite 


PauL Ramponr. Stilleit, ein neues Mineral, naturliches Zinkselenid, von Shinkolobwe. 
Geotektonisches Symposium zu Ehren von Hans Stille, 1956, page 481-483. 


The mineral occurs in an ore sample from Shinkolobwe, Belgian Congo, associated with 
pyrite, linneite, clausthalite, two unidentified minerals, and dolomite. It is isotropic, with 
(Na) (Se-S melts) near 2.5, perhaps a little lower. The color in air and oil resembles that of 
tetrahedrite, but the reddish inner reflections of tetrahedrite are absent, the mineral pol- 
ishes poorly, and it is harder than tetrahedrite. The hardness is close to that of linneite 
(about 5). An indexed «-ray powder photograph (but no intensity data) shows the mineral 
to be cubic, of sphalerite type, with a 5.67+0.01 A. Synthetic ZnSe has a 5.66 A. The as- 
sociated linneite had a 9.52+0.01 A, hence probably contains little Se. 

The name is for Hans Stille (1876— ), eminent German geologist. 


ME. 
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Lizardite, Ortho-chrysotile, Clino-chrysotile, Para-chrysotile 
E. J. W. WuirraKer anv J. ZussmMan. The characterization of serpentine minerals by 
X-ray diffraction. Mineralog.’Mag. 31, 107-126 (1956). 
J. ZussMan, G. W. BRINDLEY anv J. J. Comer. Electron diffraction studies of serpentine 
minerals. Am. Mineralogist 42, 133-153 (1957). 


In the first paper, the serpentines are divided into the following mineral species: 


a b Cc B 
Ortho-chrysotile 5.34A 9.2A 14.63A 90° 
Clino-chrysotile 5.34 9.2 14.65 93°16’ 
Lizardite SIS, 9.2 14S: 90° 
Para-chrysotile Fiber axis is 9.2A 
Antigorite 43.5 9.26 7.28 91°24’ 


In the second paper, it is shown that the a parameter of antigorite may range over 
rather wide limits, with most samples giving 33.4-43.9 A. It was also found that the “ortho- 
antigorite” of Brindley and y. Knorring (Am. Mineral. 39, 794-804 (1954)) is not an antig- 
orite, but still another structural modification here called the ‘6-layer orthoserpentine.” 

Discuss1on—The naming of polymorphic forms is a problem that is sure to become 
more serious in mineralogy. It would seem advisable to use great restraint to avoid the 
confusion caused by such misnomers as “‘ortho-antigoriet,’’ see above. It would be well to 
use a system of nomenclature such as that of Ramsdell for SiC and that of Yoder and 
Eugster (muscovite 2M, etc.), where possible, or like the ‘6-layer ortho-serpentine”’ 
above. I regret the introduction of a name such as lizardite on the insufficient basis of x-ray 
powder data alone. This has now been re-inforced by electron diffraction study, but chemi- 
cal data are still missing. 

M.F. 
Lithiophosphate 
V. V. Matras anp A. M. Bonpareva. Lithiophosphate—a new mineral. Doklady Akad, 

Nauk S.S.S.R. 112, 124-126 (1957) (in Russian). 

The mineral occurs in masses up to 5X9 cm. Colorless to white, sometimes light-rose 
color; luster vitreous. Hardness 4, sp. gr. 2.46. Probably orthorhombic from the optical 
properties, with one excellent and one fair cleavage and an angle of 50° between the 
cleavages. Luminesces turquois-blue in the cathode beam, not luminescent in ultra-violet 
light. The mineral is biaxial, positive, with ms a 1.550, 8 1.557, y 1.567, all + 0.002, 2 V 
69°, elongation positive. An x-ray powder pattern by A. P. Denisov gave the following 
lines and intensities: 5.203 (6), 4.382 (5), 3.965 (10), 3.794 (9), 3.552 (8), 3.080 (7), 2.914 (7), 
2.635 (10), 2.420 (9), 2.311 (9), 1.780 (7), 1.669 (5), 1.513 (9), 1.376 (8). 

Analysis (by A.M.B.) gave SiO» 1.14, Al,O; 0.62, Fe:O3 0.04, MgO 0.15, CaO 0.88, McO 
0.01, NasO 0.05, LisO 37.07, PO; 59.92, H,O* 0.33, H.O~ 0.06, F tr., K. B, COs, S none, 
sum 100.27%. After subtracting 1.04% quartz, 1.38% montebrasite, and 1.33% apatite, 
which were found as microscopic inclusions, this gives LisPO4. Spectroscopic analysis by 
L. L. Kuznetsov showed, in addition to the elements found chemically, traces of V and 
faint traces of Ti, Ga, and Sn. The mineral is slightly soluble in hot water, soluble in 
strong acids. 

Lithiophosphate was formed by the hydrothermal replacement of montebrasite in the 
central zone of a pegmatite in amphibolite in the Kola Peninsula. This zone consists of 
microcline-perthite and quartz with spodumene, beryl, tourmaline, pollucite, and lepido- 
lite. Lithiophosphate alters under supergene conditions to manganapatite and probably 
davisonite. 


The name is for the composition. 
M. F. 


586 DISCREDITED MINERALS 


NEW DATA 
Avelinoite (= Cyrilovite) 


M. L. Linppere. Relationship of the minerals avelinoite, cyrilovite, and wardite. Am. 
Mineralogist 42, 204-213 (1957). 

H. Srrunz. Identitat von Avelinoit und Cyrilovit. Newes Jahrb. Mineral., Monatsh. 1956, 
187-189. 


Cyrilovite was described in 1953 by Novotny and Stanek as a hydrous ferric phosphate 
containing traces of sodium; avelinoite was described by Lindberg and Pecora in 1954 as a 
hydrous sodium ferric phosphate, the Fe analogue of wardite. The minerals are evidently 
identical. Lindberg points out that the composition and x-ray powder data given for cyrilo- 
vite were in error and that the name cyrilovite should therefore be dropped. Strunz believes 
that the similarity in composition, near-identity of optical data, and identity of unit cell 
data were sufficient to characterize cyrilovite, and that therefore the priority rule should 
hold and that the name avelinoite should be dropped. K. Chudoba in Hintze’s Handbuch, 
Erganzung-Band, 1957, agrees with Strunz. So do I. 

M. F. 


DISCREDITED MINERALS 
Termierite (=mixture) 


J. Orcet, S. Hénry, AnD S. CarLiére. Sur la présence de ’anauxite en France. Bull. soc. 
franc. mineral. crist.79, 435-443 (1956). 


X-ray and D.T.A. study of the clay mineral termierite (Friedel, 1901) from the type 
locality showed it to consist of a mixture of montmorillonite, colloidal silica, and a clay 
mineral of the kaolinite type, probably anauxite. 

M. F. 


Talktriplite (=ferroan wagnerite) 


AKE HENRIQUES. An iron-rich wagnerite, formerly named talktriplite, from Hallsjoberget 
(Horrsjoberget), Sweden. Arkiv mineralogi och geologi 2, 149-153 (1957). 


X-ray powder data showed that the talktriplite of Igelstrom (1882) was wagnerite. 
Analysis by A. Parvel of material containing some apatite gave CaO 3.81, MnO 7.72, FeO 
13.36, MgO 27.93, P2Os 37.38, F 6.56, H2O* 2.54, AlsOz, FexOs, TiOz 2.23, SiO» 1.23, sum 
102.76 less (O=F:) 2.76=100.00%. The mineral is biaxial, positive, a 1.608, 6 1.615, 7 
1.630, all +0.002, 2V 66°, Y=b, ZAC 53°, pleochroic with X colorless to pale yellow, Y and 
Z intense yellow. G. 3.47. 

Discussion—Henriques suggests the name iron-wagnerite. This, however, implies that 
the mineral is the iron analogue of wagnerite; it should be called ferroan wagnerite. 

M.F. 


Carphosiderite, Borgstromite, Utahite, Cyprusite (all =jarosite or natrojarosite) 


A. A. Moss. The nature of carphosiderite and allied basic sulfates of iron. Mineralog. Mag. 
31, 407-412 (1957). 


New analyses and x-ray study show that these are all either jarosite or natrojarosite. 
Type material was studied except for carphosiderite, the first sample of which came from an 
unspecified locality. The carphosiderite studied was from St. Leger, France. Pastreite and 
raimondite are probably also jarosites; planoferrite has been thought to be a jarosite, but 
was reported to be water-soluble, hence may be a hydrated ferric sulfate. There is thus no 
evidence of the existence in nature of Fe3(SOx)o(OH)5-H2O synthesized by Posnjak and 
Merwin and found by Hendricks to have the jarosite structure. 


M.F. 


